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CHAPTER 1. BACKGROUND 
Although amphibian population declines are thought to have begun as early as the 
1950s (Houlahan et al. 2000), it wasn’t until scientists were gathered at the First World 
Congress of Herpetology in 1989 that they started to share stories of declines in their own 
focal species and realized the possibility for a worldwide problem.  At a National Research 
Council workshop in 1990, scientists presented evidence of population declines for species in 
various parts of the world.  They came to a general consensus that the declines were real, and 
that more research was needed to provide further evidence and to understand causal 
mechanisms (Barinaga 1990).  The first global assessment of amphibians by The World 
Conservation Union (IUCN) confirmed that 435 species qualified for a higher IUCN threat 
category than they did in 1980 (Stuart et al. 2004).  Nearly half of amphibian species 
worldwide are now considered to be experiencing population declines, at the most rapid rates 
among all vertebrates (Stuart et al. 2004). 
We should be concerned about declines in amphibians because they are considered to 
be bioindicators of environmental health (Wake 1991, Blaustein 2001, Sparling et al. 2003).  
Their complex life histories expose them to many potential stressors in aquatic and terrestrial 
environments; thus, losses of amphibians may be among the first warning signs of severe 
environmental perturbations (Sparling et al. 2003).  Amphibian declines are also of concern 
because of their functional importance in ecosystems (Wake 1991, Blaustein 2001, Sparling 
et al. 2003).  Murphy et al. (2000) suggested that amphibians often act as keystone species.  
They can be integral components of both aquatic and terrestrial food webs, by acting as 
predators on many invertebrates and as prey for numerous organisms such as birds, snakes, 
fish, arthropods and nocturnal mammals (Murphy et al. 2000).  As larvae, amphibians also 
function as detritivores and herbivores (Blaustein 2001, Sparling et al. 2003).  
Amphibians also provide vital ecological services for human societies.  As major 
predators of invertebrates, they can play an important role in the control of malaria through 
their consumption of mosquitoes.  In some developing countries frogs are considered to be a 
valuable source of animal protein (Cohen 2001).  Research on amphibians can also provide 
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beneficial information for human and veterinary health care.  In their skin glands, anurans 
produce a wide variety of chemical compounds which can have antibiotic, analgesic, anti-
inflammatory, and spermicidal properties (Tyler et al. 2007).  Research on these compounds 
has led to development of new drugs and continues to be a source of new discoveries.  
Anurans have also been used for many years in traditional Chinese medicine (Tyler et al. 
2007).  The presumed extinction of the Australian gastric brooding frog (Rheobatrachus 
silus) is particularly distressing since study of its specialized physiology may have revealed 
clues about how to treat human ulcers and other gastrointestinal disorders (Cohen 2001).  
Anurans have also been important study organisms in advancement of many scientific fields 
and serve as important model organisms in developmental biology research (Tyler et al. 
2007).   
Collins and Storfer (2003) identified the six leading causative factors for amphibian 
population declines: exotic species, over-harvesting, land use change, global change (i.e. 
climate, UV radiation), contaminants, and emerging infectious diseases.  Sparling et al. 
(2003) placed causative factors into the general categories of contaminants, physical factors, 
habitat degradation, and biotic factors.  It is generally agreed upon that there is no single 
explanation for global amphibian declines (Carey and Bryant 1995, Blaustein and Kiesecker 
2002, Collins and Storfer 2003), and different factors may be responsible in different regions 
or for different species.  Many researchers believe that factors may often be working together 
in an additive or synergistic manner to produce amphibian declines (Cohen 2001, Blaustein 
and Kiesecker 2002, Collins and Storfer 2003, Storfer 2003).  Many studies have found that 
combinations of stressors, such as pesticides, nutrients, pathogens and predators can have 
greater effects than an individual stressor (Kiesecker and Skelly 2001, Relyea and Mills 
2001, Relyea 2003, Parris and Beaudoin 2004, Boone et al. 2005, Relyea 2005a, Relyea 
2005b, Orton et al. 2006, Boone et al. 2007, Mandrillon and Saglio 2007).   
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Land Use 
Habitat loss or modification is the most frequently cited cause of amphibian declines 
(Alford and Richards 1999, Corn 2000).  The loss of habitat affects nearly 90% of all 
threatened species (Amphibian Conservation Summit 2005).  Amphibians have suffered from 
losses of breeding habitats, such as wetlands, and upland terrestrial habitat, as well as 
fragmentation of habitats due to agricultural and urban development.  Numerous studies have 
shown that both local population dynamics and landscape scale connectivity of populations 
are important for amphibian survival (Semlitsch 2000). 
More than half of the total wetland acreage in the U.S. has been lost since the 1780’s 
(Dahl 1990).  Besides reducing the number of potential breeding sites, wetland loss can also 
increase the distance between neighboring wetlands (Semlitsch 2000).  This can impact the 
probability that a site will be recolonized because most amphibians do not have the ability to 
migrate long distances (Semlitsch 2000).  Pond isolation is especially important for 
amphibian populations in highly altered landscapes (Marsh and Trenham 2001).  Distance to 
the nearest wetland and density of nearby wetlands were important factors in predicting the 
species richness of amphibians in many studies (Mann et al. 1991, Vos and Stumpel 1995, 
Lehtinen et al. 1999, Pope et al. 2000, Lehtinen and Galatowitsch 2001, Houlahan and 
Findlay 2003).  Species with relatively small dispersal abilities are subject to long term risks 
from habitat loss and fragmentation (Cushman 2006).  Lehtinen and Galatowitsch (2001) 
found that the most common species encountered in recently restored wetlands in Minnesota 
were also the species with the greatest dispersal abilities.   
In addition to aquatic breeding habitats, terrestrial habitats are important for the 
survival of amphibian populations because they are utilized for foraging and overwintering 
(Semlitsch and Bodie 2003).  The terrestrial habitat available in a landscape can often be just 
as important to pond breeding amphibians as the quality of the breeding sites (Cushman 
2006).  Terrestrial habitats are important for both local and regional amphibian population 
dynamics (Marsh and Trenham 2001).  Rothermel (2004) suggested that breeding sites in 
fragmented landscapes may be population sinks if juveniles are unable to migrate to suitable 
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terrestrial habitat for overwintering.  Pope et al. (2000) suggested that it is important to 
describe and evaluate available terrestrial habitat to predict the population densities of 
amphibians in a wetland. 
Habitat fragmentation is a major issue in the conservation of pond breeding 
amphibians because of its effects on juvenile dispersal (Cushman 2006).  Juvenile 
amphibians may have reduced post-metamorphic survival in areas with significant amounts 
of habitat loss and fragmentation due to difficulties in dispersing across these types of 
landscapes (Cushman 2006).  Population persistence may be affected in altered landscapes 
because of reduced dispersal rates of juveniles in unsuitable habitats (Rothermel and 
Semlitsch 2002).   
Species richness has been found to be lower as the proportion of urban land increases 
in the landscape (Knutson et al. 1999, Pillsbury 2006, Gagné and Fahrig 2007).  Many pond-
breeding species have positive associations with the amount and proximity of forested habitat 
in the landscape (Findlay and Houlahan 1997, Knutson et al. 1999, Kolozsvary and Swihart 
1999, Lehtinen et al. 1999, Guerry and Hunter 2002, Houlahan and Findlay 2003, Rothermel 
2004). 
Environmental Contaminants 
Several types of environmental contaminants may affect amphibians, including 
fertilizers, insecticides, herbicides, fungicides, nutrients, heavy metals, and acid (Sparling et 
al. 2000, Blaustein et al. 2003, Boone and Bridges 2003).  Contaminants can have lethal or 
sublethal, and direct or indirect effects on amphibians. Contaminants have likely played a 
role in local population declines and extinctions, but it is difficult to make links with regional 
or global scale amphibian declines (Diana and Beasley 1998).  There is very little evidence 
that contaminants have directly caused population declines; however, sublethal effects of 
contaminants have not been well studied (Corn 2000).  Although most toxicological research 
has historically focused on lethal toxicity, more recent studies have started to reveal that 
many contaminants can affect amphibians at sublethal levels that are more likely to be seen 
in natural situations.  Boone and Bridges (2003) suggest that current environmental 
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concentrations of pesticides may be acting as sublethal stressors on amphibians, making them 
more vulnerable to other stressors, such as habitat alteration or disease.  An environmental 
contaminant can have additive, antagonistic or synergistic effects when combined with 
another contaminant or other environmental stressor (Boone and Bridges 2003).  Sublethal 
levels of toxicants may cause immunosuppression in amphibians and make then more 
vulnerable to infection by pathogens (Carey and Bryant 1995).  Exposure to toxicants can 
also lead to changes in swimming performance and other behaviors for tadpoles, making 
them more susceptible to predation (Carey and Bryant 1995).  The combined effect of 
atrazine and nitrate on sex ratios of larval northern leopard frogs (Rana pipiens) was greater 
than the effect of either chemical alone (Orton et al. 2006).   Larval amphibians typically 
have to cope with the interaction of pond hydroperiod, competition, and predation as they 
develop towards metamorphosis and sublethal effects of contaminants can alter the abilities 
of larvae to successfully deal with these challenges (Semlitsch 2000).      
Nutrients 
Agricultural runoff and other anthropogenic inputs can lead to increased levels of 
nitrogen, which is toxic to amphibians at some levels (Blaustein et al. 2003).  Exposure to 
nitrate or nitrite can also slow larval development and delay metamorphosis (Marco and 
Blaustein 1999, Griffis-Kyle 2007, Griffis-Kyle and Ritchie 2007).  Bishop et al. (1999) 
found a correlation between high levels of nutrient loading, including nitrogen and 
phosphorus, and the reproductive success of American toads (Bufo americanus americanus) 
and green frogs (Rana clamitans melanota) in an agricultural area in Canada.  The presence 
of amphibian species, with the exception of American toads, was negatively correlated with 
total Kjeldahl nitrogen (TKN) and phosphorus levels in wetlands in eastern Ontario 
(Houlahan and Findlay 2003).  High levels of nitrogen and phosphorus can lead to wetland 
eutrophication, which is hypothesized to cause a shift in aquatic communities that can lead to 
an increase in Ribeiroia ondontrae, a parasite that causes malformations in amphibians 
(Johnson and Chase 2004). 
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Experimental exposure of amphibians to varying amounts of ammonium nitrate 
fertilizer resulted in evidence of physical and behavioral effects at levels as low as 2.5 mg 
NO3-N/L (Hecnar 1995).  Exposure to nitrate levels of 10 mg/L caused changes in sex ratios 
of larval northern leopard frogs (Orton et al. 2006).  Wood frog hatchlings (Rana sylvatica) 
were more likely to be deformed in ponds receiving a spring-time application of ammonium 
nitrate fertilizer (Griffis-Kyle and Ritchie 2007).  However, the addition of ammonium 
nitrate fertilizer (10 mg/L) to mesocosms positively affected the quality of metamorphs of 
three species, likely due to its effect on algal epiphytes which are a primary food source of 
some larvae (Boone et al. 2007).   
Acidification 
Amphibian survival may be affected by acidification, although there is some variation 
in sensitivities (Pierce 1985, Vatnick et al. 1999, Blaustein et al. 2003).  Under controlled 
laboratory conditions, adult northern leopard frogs suffered 58% mortality when exposed to a 
pH of 5.5 for 10 days, as compared to 3.5% mortality rates for those exposed to the neutral 
pH of 7 (Vatnick et al. 1999).  Most species seem to be relatively tolerant, requiring pH 
levels below 4 to cause 50% mortalities (Pierce 1985).  However, many temperate 
amphibians have reproductive problems when the water pH is < 5 (Sparling 1995).   
Brodkin et al. (2003) suggested that acid stress compromises the natural defenses of 
amphibian immune systems and that it may be contributing to declines of northern leopard 
frogs in the northeastern United States.  Exposure to acidic water can disrupt the ability of 
northern leopard frogs to express normal immune responses (Vatnick et al. 2006).  Gram 
positive and Gram negative bacteria colonized spleens of northern leopard frogs that had 
been exposed to pH levels of 5.5 and 6, while little or no colonization was seen in frogs 
exposed to pH 7 (Brodkin et al. 2003).  Acidic water can also affect the impact of other 
environmental stressors.  For example, toxicity of the herbicides 2,4,5-T and 2,4-D increases 
at low pH levels, but acetochlor toxicity may decrease at low pH (Zafeiridou et al. 2006).   
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Pesticides 
Boone and Bridges (2003) advocated for the study of pesticide effects because 
humans have control over the types of pesticides that are released.  While most past research 
focused on lethal effects at high concentrations, an increasing number of studies are showing 
that environmentally relevant pesticide levels can affect species abundance of amphibians 
and the quality of individuals reaching metamorphosis (Boone and Bridges 2003).  Pesticides 
can have direct effects on amphibians, manifested as physiological effects, or indirect effects, 
such as changes in the food web (Boone and Bridges 2003).  An example of a direct effect is 
when a cholinesterase-inhibiting pesticide (organophosphates and carbamates) causes a build 
up of acetylcholine, leading to twitching, paralysis or death at some doses (Boone and 
Bridges 2003).  One type of indirect effect is when an herbicide reduces algae, limiting the 
food base for some amphibians.  Algae can be negatively impacted by atrazine and alachlor 
(Carder and Hoagland 1998).  Detenbeck et al. (1996) demonstrated that atrazine also had a 
negative effect on periphyton productivity. 
In California, Davidson (2004) first documented an association of historical pesticide 
use with population declines of multiple amphibian species.  He found that cholinesterase-
inhibiting pesticides (most organophosphates and carbamates) had the strongest associations 
with declines when compared with other classes of pesticides.   In the same region, Sparling 
et al. (2001) found depressed cholinesterase activity in Pacific treefrog (Hyla regilla) 
tadpoles living downwind of the area of intensive pesticide usage.  Many of these tadpoles 
also contained detectable levels of endosulfan and residues of organophosphates and DDT.  
Although fish and pesticides have both been implicated in declines in California’s Sierra 
Nevada, pesticides had a much stronger negative landscape-scale effect on the probability of 
mountain yellow-legged frog presence (Rana muscosa, Davidson and Knapp 2007).    
Although most organic contaminants have not been used in the United States since 
the 1970s, they are still considered a potential threat to amphibians because they can persist 
in the environment for many years (Sparling 2000).  These types of contaminants, which 
include polychlorinated biphenyls (PCBs) and organochlorine pesticides (OC), can also 
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persist in animal tissues and can bioaccumulate.  Organic contaminants have been shown to 
have both lethal and sublethal effects on a variety of organisms.  Sparling’s (2000) review of 
the literature revealed that amphibians may suffer lethal effects from aldrin, dieldrin, DDT, 
endrin, lindane, and toxaphene; as well as sublethal effects from aldrin, chlordane, dieldrin, 
DDT, endrin, and toxaphene.   
Common insecticides that are presently utilized in agricultural landscapes include 
organophosphates, carbamates, and pyrethroids.  Organophosphates can be especially 
detrimental because they can permanently inhibit enzymes that break down acetylcholine and 
bioaccumulate in tissues (Boone and Bridges 2003).  Although carbamates have similar 
neurotoxic effect on amphibians, they are potentially not as damaging since their effects can 
be reversible and they can be quickly broken down in the body and in the environment 
(Diana and Beasley 1998).  Taylor et al. (1999) found that adult male Woodhouse’s toads 
(Bufo woodhousii) were more susceptible to Aeromonas hydrophila bacteria after exposure to 
sublethal doses of the organophosphate insecticide malathion.  Exposure to 10 µg/L of the 
insecticide endosulfan led to increases in limb deformities and reductions in survival and 
growth rates of streamside salamander larvae (Ambystoma barbouri, Rohr et al. 2003). 
Herbicides are usually considered to be relatively safe for fish and wildlife; however, 
it is becoming clearer that many herbicides can have direct toxic effects on fish and wildlife, 
including amphibians, which may be lethal or sublethal (Cowman and Mazanti 2000).  It is 
important to examine herbicides as potential threats to amphibians because large volumes of 
herbicides are applied throughout the world, far exceeding other pesticides (Cowman and 
Mazanti 2000). 
Triazine herbicides such as atrazine have relatively low acute toxicity for amphibians 
when compared with most insecticides (Diana and Beasley 1998).  While this suggests it is 
unlikely that atrazine will cause direct mortalities in the field, because applied field 
concentrations are well below lethal levels, multiple studies have shown that atrazine can 
have important sublethal effects on amphibians (Diana et al. 2000, Allran and Karasov 2001, 
Hayes 2004, Rohr and Palmer 2005).  This is especially noteworthy since atrazine is the most 
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commonly used herbicide in the United States and possibly the world (Hayes et al. 2002).  
The potential risks and widespread contamination of atrazine led the European Union to 
announce a ban of atrazine in 2003, although it is still commonly used in the U.S. and 
elsewhere (Sass and Colangelo 2006). 
African clawed frogs and northern leopard frogs exposed to atrazine concentrations of 
1.0 ppb (an ecologically relevant level) or greater had higher rates of hermaphroditism and 
other physiological effects (Hayes et al. 2002, Hayes et al. 2003).  Northern leopard frog 
tadpoles exposed to 10µg/L of atrazine had greater proportions of females than controls 
(Orton et al. 2006).  Other studies have found that atrazine can cause developmental effects 
during metamorphosis, lead to edema, and disrupt the immune system (Howe et al. 1998, 
Larson et al. 1998, Forson and Storfer 2006, Brodkin et al. 2007).  Streamside salamanders 
exposed to atrazine as larvae exhibited behavioral differences post-metamorphosis, resulting 
in increased risk of desiccation eight months after exposure (Rohr and Palmer 2005). 
Chloroacetanilide herbicides, such as acetochlor, alachlor and metolachlor, are 
commonly used in corn and soybean fields.  Acetochlor can affect metamorphosis in leopard 
frogs (Cheek et al. 1999).  Exposure to 10nM of acetochlor, a level that is similar to 
rainwater detections, led to accelerated forelimb emergence through interactions with thyroid 
hormone.  This exposure could lead frogs to be smaller at metamorphosis, possibly affecting 
their ability to survive and reproduce.  Acetochlor caused DNA damage in the livers of 
laboratory exposed Siberian toad (Bufo raddei) tadpoles and led to changes in brain function 
of bullfrog tadpoles (Rana catesbiana), by affecting the expression of thyroid hormone 
receptors in the brain (Helbing et al. 2006, Liu et al. 2006).  Alachlor can cause reductions in 
tadpole growth and developmental disorders such as edemas (Osano et al. 2002).  A 
degradation product of alachlor was also able to cause abnormalities in African clawed frog 
tadpoles.  Alachlor is often applied in formulations with atrazine or other herbicides.  Howe 
et al. (1998) observed greater than additive toxic effects when exposing northern leopard frog 
and American toad larvae to atrazine and alachlor.   
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Northern leopard frogs exposed to metolachlor suffered damage to the thymus (Hayes 
et al. 2006).  Edemas and other abnormalities occurred in African clawed frog tadpoles 
exposed to metolachlor as embryos (Osano et al. 2002).  Although metolachlor exposure did 
not result in deformities, one of its degradation products caused significant levels of 
malformations.  Metolachlor is often used in a formulation with atrazine.  Exposure to a 
mixture of atrazine and metolachlor resulted in animals being smaller at metamorphosis 
(Hayes et al. 2006). 
Hayes et al. (2006) exposed northern leopard frogs to a realistic mixture of nine 
pesticides that are used on cornfields in the Midwest and observed much greater effects of 
the mixture than the individual pesticides.  While individual pesticides did not affect the 
survival of tadpoles to metamorphosis, larvae exposed to the 0.1 ppb mixture had a decreased 
survival rate and those exposed to the 10 ppb mixture suffered 100% mortality.  Tadpoles 
that were exposed to the 9 pesticide mixture took longer to reach metamorphosis and were 
smaller at metamorphosis (Hayes et al. 2006).   
Heavy Metals 
Minimal research has been done to examine the effects of environmental metal 
pollution on amphibians (Linder and Grillitsch 2000).  Anthropogenic metal pollution mainly 
comes from industrial and agricultural activities.  While some metals are considered essential 
to life, all metals are toxic above some threshold level.  Metals can accumulate in the 
environment and in an animal’s body.   
Bridges et al. (2002) examined the lethal toxicity of copper, which can obstruct 
osmoregulation, for southern leopard frog (Rana sphenocephala) tadpoles and found that 
they were more sensitive (96-h LC50 0.21-0.25mg/L) than 3 fish species that are commonly 
used in toxicity testing.  Parris and Baud (2004) found that copper at lower concentrations 
did not affect growth or survival of larval Cope’s gray treefrogs (Hyla chrysoscelis).  Copper 
actually seemed to positively affect the treefrog larvae as it ameliorated the negative growth 
effects caused by the fungus Batrachochytrium dendrobatidis (Bd).  James et al. (2005) 
demonstrated a decrease in the survival of American toad and southern leopard frog tadpoles 
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with increasing levels of cadmium exposure (0-200 µg Cd/L).  Cadmium treatments also 
increased the age at metamorphosis for the American toads. 
Predators 
Numerous studies have implicated alien predators as playing an important role in 
many amphibian population declines (Kats and Ferrer 2003, Kiesecker 2003).  The stocking 
of predatory fish as well as the introduction and range expansion of bullfrogs are considered 
to be major concerns for native amphibians (Semlitsch 2000).  They can cause extinction or 
decrease sizes of local amphibian populations (Kats and Ferrer 2003).  Species introductions 
can be purposeful or accidental, and the rate and scale of introductions has been increasing as 
a result of human activities (Kiesecker 2003).   
Introduced predators potentially have greater impacts than native predators since 
amphibians have not evolved with the alien species and therefore may not have the ability to 
detect and/or avoid them.  Native predators such as salamanders, fish and invertebrates may 
also impact amphibians, especially when they are exposed to additional stressors.  For 
example, tadpoles exposed to toxicants may experience changes in swimming performance 
and other behaviors, making them more susceptible to predation (Carey and Bryant 1995).  
Besides direct lethal and sub-lethal effects, alien predators can cause widespread changes in 
aquatic communities (Kats and Ferrer 2003).  
Many field studies have documented correlations between the absence of some 
amphibian species and the presence of predators (Hecnar and M’Closkey 1997, Knapp and 
Matthews 2000, Zimmer et al. 2002, Knutson et al. 2004, Knapp 2005, Porej and 
Hetherington 2005, Reid 2005, Hartel et al. 2007), but this relationship is not evident for 
other species (Hecnar and M’Closkey 1997, Lehtinen et al. 1999, Knapp 2005, Reid 2005, 
Hartel et al. 2007).  In numerous enclosure and mesocosm studies the introduction of 
predatory fish or salamanders has led to a significant reduction or complete elimination of 
larval amphibians (Morin 1983, Smith et al. 1999, Adams 2000, Boone et al. 2007). 
The presence of predators has also been found to cause sublethal effects such as a 
decrease in the growth and size of surviving amphibians (Kats and Ferrer 2003).  Werner and 
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Anholt (1996) observed negative effects of the non-lethal presence of a predator on anuran 
larvae.  The presence of bullfrogs in mesocosms led to a decrease in the mass at 
metamorphosis and an increase in the time to metamorphosis for American toads and 
southern leopard frogs (Boone et al. 2007).  This can have consequences for amphibian 
populations since amphibians that are larger at metamorphosis tend to have a higher juvenile 
survival rate and have their first reproduction earlier (Semlitsch 2000).  Tadpoles tend to 
reduce movement and feeding when predators are present (Kats and Ferrer 2003).  In a field 
experiment, larval eastern gray treefrogs (Hyla versicolor) responded to the presence of 
eastern tiger salamander (Ambystoma tigrinum) larvae by reducing their activity levels, 
which led to slower rates of growth and development (Skelly 1992).  Predators may also 
interact with environmental stressors, such as contaminants and disease.  Predatory cues 
made the pesticide carbaryl more lethal to gray treefrog, green frog, and leopard frog 
tadpoles than exposure to the pesticide alone (Relyea and Mills 2001, Relyea 2003).  
Exposure of Cope’s gray treefrog tadpoles to Bd and the predatory eastern newt 
(Notophthalmus viridescens) slowed development (Parris and Beaudoin 2004). 
Some amphibian species may be able to avoid predation by being selective about 
locations for mating and oviposition of eggs.  In an experimental setup, Resetarits and Wilbur 
(1991) found that both male and female Cope’s gray treefrogs tended to avoid pools 
containing adult black-banded sunfish (Enneacanthus chaetodon) for calling and oviposition.  
Female treefrogs also avoided experimental pools where larval spotted salamanders 
(Ambystoma maculatum) were present.  Streamside salamanders appeared to avoid 
ovipositing in stream pools containing fish (Kats and Sih 1992).  However, female common 
frogs (Rana temporaria) did not appear to selectively choose reproductive habitat to avoid 
potential predation on tadpoles in ponds in which three spine sticklebacks had been 
introduced (Laurila and Aho 1997).  
Chytridiomycosis 
In recent years there has been a growing body of evidence to link the emerging 
disease chytridiomycosis to mass die offs and declines of amphibian populations in many 
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parts of the world (Daszak et al. 1999, Carey et al. 2003, Johnson 2006).  Chytridiomycosis 
is a disease caused by the fungal pathogen Batrachochytrium dendrobatidis (Bd).  Infections 
with Bd can lead to mortalities in some amphibian species, although the mechanism for these 
deaths is unknown (Berger et al. 2005a).  Although chytridiomycosis is classified as an 
emerging infectious disease, it appears to have spread fairly rapidly throughout the world 
(Daszak et al. 2000).  Bd is hypothesized to have its origins in South Africa, the location of 
the earliest record of Bd infection (Weldon et al. 2004).  Infections have been associated with 
mass mortalities of amphibians in North America, South America, Central America, 
Australia, and Europe (Lips 1999, Daszak et al. 2003, Herrera et al. 2005), and population 
declines of amphibians in Australia, Central America, Spain, and the western United States 
(Berger et al. 1998, Bosch et al. 2001, Lips et al. 2003, Muths et al. 2003, Lips et al. 2006, 
Rachowicz et al. 2006).  In 2002 Bd was listed as a key threatening process to Australian 
frogs; infections have been found in 48 native species (Woodhams and Alford 2005, Drew et 
al. 2006).  Schloegel et al. (2006) implicated Bd as the cause of extinction of the sharp-
snouted day frog (Taudactylus acutirostris) in Australia.     
Green et al. (2002) classified Bd as a leading candidate for many population declines 
in the United States.  Bd has been detected in Arizona, California, Colorado, Hawaii, Illinois, 
Indiana, Maine, Massachusetts, Minnesota, Missouri, New Hampshire, North Carolina, North 
Dakota, Oregon, South Carolina, Vermont, Virginia, Washington, Wisconsin and Wyoming 
(Bradley et al. 2002, Green et al. 2002, Speare and Berger 2004, Beard and O’Neill 2005, 
Ouellet et al. 2005, Longcore et al. 2007, Pearl et al. 2007).  Bd has been implicated in 
population declines of the mountain yellow-legged frog in California and the Western toads 
(Bufo boreas) in Colorado, and mass die offs of leopard frogs in Colorado (Morell 1999, 
Muths et al. 2003, Rachowicz et al. 2006). 
Most current evidence regarding mechanisms responsible for the rapid spread of Bd 
suggests that infected amphibians played a role in spread of the pathogen.  Weldon et al. 
(2004) proposed that Bd originated in Africa and then spread to other areas via international 
trade in African clawed frogs.  Bullfrogs are also widely distributed and introduced 
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throughout the world, and are thought to be potential carriers of the disease because they are 
relatively resistant to Bd (Kats and Ferrer 2003, Daszak et al. 2004).  Mazzoni et al. (2003) 
suggested that international trade of bullfrogs may be contributing to the global spread of this 
disease, based on their discovery of Bd infections in apparently healthy farmed individuals in 
Uruguay.  Bullfrogs examined in Venezuela had a high prevalence of Bd but showed little or 
no clinical signs of disease (Hanselmann et al. 2004).  Bd was detected in wild populations of 
introduced bullfrogs in North America, South America, and Europe (Garner et al. 2006).  
Johnson and Speare (2005) showed that Bd could survive and grow in moist soil and on bird 
feathers, indicating the possibility that Bd may also be spread in the environment by birds 
and transportation of soils.   
Although amphibian larvae have been found with Bd infections, it appears that the 
pathogen does not have a lethal effect on this life stage.  In a survey of research done in the 
U.S., Green et al. (2002) documented that Bd infections caused mortalities in post 
metamorphic frogs and toads, but there were no reports of deaths of infected larval anurans.  
In experimental exposures to Bd, larvae of Fowler’s toad (Bufo fowleri) and the Cope’s gray 
treefrog suffered no significant mortality (Parris and Cornelius 2004).  In an outbreak in 
captive great barred frogs (Mixophyes fasciolatus) in Australia, there was evidence that 
apparently healthy tadpoles had been infected for months before they experienced 100% 
mortality within a few weeks post-metamorphosis (Marantelli et al. 2004).  In wild 
populations of the mountain yellow-legged frog, infected tadpoles appeared healthy while 
mortality was observed in post-metamorphic frogs (Rachowicz et al. 2006).  In laboratory 
experiments, Rachowicz and Vredenburg (2004) observed that infected mountain yellow-
legged frog tadpoles died after undergoing metamorphosis.  Experimentally infected post-
metamorphic mountain yellow-legged frogs died within weeks of infection (Briggs et al. 
2005). 
Resistance of larval amphibians to Bd is likely related to the amount of keratin 
available on tadpoles versus post-metamorphic animals.  Keratinized epidermis is only found 
on the jaws and teethrows of tadpoles until late stages of development (Marantelli et al. 
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2004).  When tadpoles undergo metamorphosis their skin quickly transforms to being 
keratinized.  In an examination of the development of great barred frog larvae, Marantelli et 
al. (2004) observed that keratin appeared on most parts of the animals shortly after the 
shedding of mouthparts.  As the distribution of keratin changed on the frogs, Bd distribution 
seemed to follow as skin quickly became infected as it became keratinized.  
  Although Bd infections do not appear to be lethal to tadpoles, they can have 
sublethal effects.  Exposures to Bd led to a reduction in body mass at metamorphosis, an 
increased time to metamorphosis, and an increase in developmental instability for larvae of 
Fowler’s toad and the Cope’s gray treefrog (Parris and Cornelius 2004).  The effects of Bd 
infection may be influenced by community processes.  In the presence of Bd, Cope’s gray 
treefrogs and Fowler’s toads, that were reared together, metamorphosed at a smaller body 
mass than those that were reared alone (Parris and Cornelius 2004).  When exposed to the 
predatory eastern newt (Notophthalmus viridescens) and the Bd pathogen Cope’s gray 
treefrog development slowed (Parris and Beaudoin 2004).  Parris et al. (2006) found that 
northern leopard frog tadpoles infected with Bd had lower activity levels than uninfected 
tadpoles in the presence and absence of predators.  This response can reduce exposure to 
predators but may also reduce foraging efficiency.  When exposed to a predator (bluegill 
sunfish, Lepomis macrochirus), infected tadpoles had a higher survival rate than uninfected 
tadpoles.  The authors suggested that this is likely due to behavioral responses induced by the 
infection.  
Because Bd persists in the environment as waterborne zoospores, it seems likely that 
most anurans are likely to be exposed during the aquatic larval stage.  Zoospores of Bd are 
able to survive and remain infective up to 7 weeks in lake water (Johnson and Speare 2003).   
Most field studies have not been able to identify the stage of infection; however, Kriger and 
Hero (2006a) found that wild Stony Creek frogs (Litoria wilcoxii) were able to become 
infected as adults.  In addition, Rachowicz and Vredenburg (2004) reported experimental 
evidence that mountain yellow-legged frog tadpoles transmitted infections of Bd to 
uninfected tadpoles and post-metamorphic animals.  
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 Although infections with Bd have been documented to cause mortalities in many 
amphibian species, several studies have detected no observed differences in survival between 
infected and uninfected individuals (Davidson et al. 2003, Retallick et al. 2004, Kriger and 
Hero 2006a, Davidson et al. 2007).  However, these surviving species may suffer some 
sublethal effects.  Juvenile giant barred-frogs (Mixophyes iterates) and foothill yellow-legged 
frogs (Rana boylii) infected with Bd had suppressed growth (Kriger et al. 2006a, Davidson et 
al. 2007).  However, there have also been observations of individuals reducing or ridding 
themselves of Bd infections, both in captivity (Davidson et al. 2003) and in the field (Kriger 
and Hero 2006a).  Differences in susceptibility between amphibian species have been 
observed for other pathogens, such as the pathogenic water mold Saprolegnia (Romansic et 
al. 2006).  This variability in resistance to Bd may result from various factors such as 
climate, innate immune system abilities, and environmental stressors.  There is also variation 
in the virulence of different strains of Bd (Berger et al. 2005b).  
Temperature appears to play an important role in the prevalence and pathogenicity of 
Bd.  Several studies have suggested that an interaction between extreme weather conditions 
and pathogens play an important role in declines of some amphibian populations (Ron et al. 
2003, Burrowes et al. 2004, Pounds et al. 2006).  Bd is able to grow and reproduce between 4 
and 25°C, although it grows optimally at 17-25°C with pH 6-7 (Piotrowski et al. 2004).  
Cultures of Bd experienced 50% mortality when exposed to a temperature of 30°C 
(Piotrowski et al. 2004).  Berger et al. (2004) experimentally infected great barred frogs with 
Bd at different temperatures and found a higher pathogenicity of the disease at lower 
temperatures.  Red-eyed treefrog (Litoris chloris) were cleared of their infections with Bd 
when they were housed at a temperature of 37°C (Woodhams et al. 2003).   
Field observations have also confirmed that temperature is likely to be an important 
factor in Bd infection prevalence.  Retallick et al. (2004) observed the highest infection levels 
of Bd during the winter and spring.  Infections were also more prevalent in the cool, dry 
winter season in the wet tropics of Australia (Woodhams and Alford 2005).  Drew et al. 
(2006) found a significant relationship between the presence of Bd and temperature, with 
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occurrence of the pathogen being more likely at sites where the average maximum 
temperature in the summer was < 30°C.  Kriger and Hero (2006b) also detected a negative 
correlation between air temperature and Bd prevalence in Stony Creek frogs.  Mortality due 
to Bd occurred more often in winter than in any other season from 1993 to 2000 in 
Queensland and New South Wales, Australia (Berger et al. 2004).   
 Many studies have also investigated the potential immune responses of amphibians 
against Bd.  Among the natural defenses of amphibian skin is the ability to produce 
antimicrobial peptides, which are believed to be an important defense against skin pathogens 
(Rollins-Smith et al. 2002, Rollins-Smith et al. 2005).  Each amphibian species appears to 
produce a different set of peptides, though many of the peptides are closely related.  These 
families of peptides can have different levels of potency,  potentially resulting in differing 
abilities of each species to fight off infections (Rollins-Smith et al. 2002, Rollins-Smith et al. 
2005).  Woodhams et al. (2006) supported this theory by isolating skin peptides from both 
common and endangered Australian rainforest frogs.  They found that mixtures of peptides 
from common species tended to be more effective against Bd than peptide mixtures from 
endangered species.  Foothill yellow-legged frogs,  which were able to survive with Bd 
infections, produced antimicrobial skin peptides that were strong inhibitors of Bd growth 
(Davidson et al. 2007).  Environmental factors and stressors (i.e. pesticides) may affect this 
immune response, as peptide expression may be inhibited by a stress induced increase in 
corticosteroids (Rollins-Smith et al. 2002).  Exposure to the pesticide carbaryl reduced skin 
peptide defenses in foothill yellow-legged frogs (Davidson et al. 2007). 
In addition to antimicrobial peptides, amphibians harbor bacteria in their skin that 
produce antibiotics that can inhibit pathogenic fungi (Harris et al. 2006).  Bacteria that were 
isolated from the skin of the red-backed salamander (Plethodon cinereus) and four-toed 
salamander (Hemidactylium scutatum) were able to inhibit Bd.   
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CHAPTER 2. INTRODUCTION 
Amphibians have declined in the Midwestern United States since Euro-American 
settlement and the associated conversion of most of the dominant savanna and prairie 
landscape to pasture and row crop agriculture, as well as the draining of wetlands for 
agriculture (Lannoo 1998).  Before settlement, tallgrass prairie covered approximately 79% 
and 66% of Iowa and Illinois, respectively (Warner 1994, Fletcher and Koford 2002).  
Currently Iowa has less than 0.1% and Illinois has less than 1% of this habitat remaining.  
More than 95% of the natural wetlands in Iowa have been drained (Bishop 1981).  As a 
result, amphibians in the Midwest are faced with threats of habitat loss and fragmentation. 
In an agriculturally-dominated landscape, amphibians are also potentially exposed to 
agricultural pesticides and excessive nutrients (Diana and Beasley 1998).  Approximately 
89% of land use in Iowa is agricultural and 71% of that farmland was devoted to corn and 
soybean production in 2002 (USDA 2002).  Nitrogen was applied to 93% and herbicides to 
96% of the corn planted acreage in 2003 (USDA 2004).  Nitrogen was applied to 10% and 
herbicides to 98% of the soybean acreage planted in 2004 (USDA 2005).  As a result, 
impaired water quality is a concern in most of Iowa.  Based on water quality data collected 
from 2000 to 2006, 55% of streams in the state are classified as being in poor to very poor 
condition, while only 14% are classified as good or excellent (IDNR 2007).   
The combined stresses of habitat loss, habitat fragmentation, and exposure to 
contaminants may result in increased susceptibility of amphibians to disease.  Many 
laboratory studies have shown that individual contaminants and contaminant mixtures can 
impact the immune system function of amphibians and make them more vulnerable to 
parasites and pathogens, such as Bd (Taylor et al. 1999, Brodkin et al. 2003, Christin et al. 
2003, Gendron et al. 2003, Gilbertson et al. 2003, Christin et al. 2004, Forson and Storfer 
2006, Hayes et al. 2006, Vatnick et al. 2006, Brodkin et al. 2007, Davidson et al. 2007). 
Christiansen (1981, 1998) reported historical population declines of many of Iowa’s 
amphibians, including western chorus frogs (Pseudacris triseriata), Cope’s and eastern gray 
treefrogs (Hyla chrysoscelis, Hyla versicolor), Blanchard’s cricket frogs (Acris crepitans 
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blanchardi), and American toads (Bufo americanus).  In contrast, the range of the bullfrog 
(Rana catesbiana) has expanded and their numbers have increased throughout the state, 
mainly due to introductions (Christiansen 1998).  Lannoo et al. (1994) estimated that the 
number of northern leopard frogs (Rana pipiens) in Dickinson County, northwestern Iowa, 
has declined by a factor of 2 or 3 since the early 1900s.  A study conducted in the early 1990s 
in Dickinson County, Iowa revealed that eastern tiger salamanders (Ambystoma tigrinum) 
were present at less than half of the wetlands where they were recorded in the 1920s (Lannoo 
et al. 1994).  The authors also reported a decline in gray treefrogs in the same region.  
Multiple studies have noted disappearances or declines of Blanchard’s cricket frog in the 
northern parts of its range, including northern Iowa (Lannoo et al. 1994, Christiansen 1998, 
Hay 1998, Hemesath 1998).   This species is listed on state endangered species lists for 
Michigan, Minnesota, and Wisconsin (Lannoo 1998).  The specific reasons for its decline 
have not been identified.   
Land Use 
Several studies in the Midwest have examined the relationships between local 
amphibian populations and land use attributes.   Knutson et al. (1999) found that relative 
abundances of anurans in wetlands throughout the state of Iowa were most positively related 
to the length of the wetland forest edge and negatively related to the presence of urban land 
within a 1000 meter buffer of sampling points.  In Wisconsin the relative abundance of 
anurans was positively related to the amount of both forest and agricultural area in the 
buffers.  In both states, American toads had an affinity for agricultural and urban areas 
(Knutson et al. 2000).   Gray treefrogs had a close association with forest habitats while 
northern leopard frogs and chorus frogs were consistently associated with wetlands in 
grasslands.   
In a highly fragmented agricultural landscape in Indiana, Kolozsvary and Swihart 
(1999) found that landscape-level variables, as well as forest and wetland patch variables, 
could accurately predict amphibian species richness.  The amphibian species were 
nonrandomly distributed in the landscape, likely due to differences in ecology and life 
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history.  American toads and gray treefrogs were present in all forest patches, independent of 
the size or degree of isolation of the patch. 
Distance to the nearest neighbor wetland and density of roads were significant 
predictors of species richness in prairie wetlands of Minnesota at 500-, 1000-, and 2500-
meter scales (Lehtinen et al. 1999).   Lehtinen et al. (1999) observed that wetland isolation, 
caused by a loss of wetlands and an increase in roads, appeared to result in lower levels of 
species richness in prairie wetlands of Minnesota.  American toad presence was positively 
related to the proportion of forest cover in the landscape in both tallgrass prairie and northern 
hardwood forest ecoregions of Minnesota (Lehtinen et al. 1999).  Distance to other wetlands 
was also an important factor in predicting the amphibian species richness at recently restored 
wetlands in Minnesota (Lehtinen and Galatowitsch 2001).  The most common species 
encountered at these wetlands were also the species with the greatest dispersal abilities, 
including northern leopard frogs, American toads, and chorus frogs.  
 Olker et al. (2007) found that leopard frogs in the Prairie Pothole region were more 
likely to breed in wetlands that had high densities of other wetlands and lower proportions of 
agriculture in the surrounding landscape.  
Environmental Contaminants 
Birge et al. (2000) classified amphibians based on their tolerance to organic 
contaminants.  Of those we expect to encounter in our study region, they classified bullfrogs 
and northern leopard frogs as moderately tolerant, and American toads as tolerant to organic 
contaminants.  Despite the prevalence of contaminants in the Midwest, few field studies have 
been conducted in this region to examine effects of contaminants on amphibian populations. 
In Wisconsin, hatching success of green frog (Rana clamitans melanota) and leopard 
frog embryos in enclosures placed along a contamination gradient, of total PCBs (total 
Aroclor) and several heavy metals, was negatively correlated with contaminant level 
(Karasov et al. 2005). 
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Nutrients 
Almost 20% of water samples from states and provinces bordering the Great Lakes 
had nitrate levels that surpassed those causing sublethal effects in amphibians (Rouse et al. 
1999).  The authors suggested that nitrates are at toxic levels for amphibians in many 
agricultural areas of North America and that this is likely affecting survival rates.   
Although constructed farm ponds provided viable habitat for local amphibian 
populations in Minnesota, ponds with high levels of total nitrogen had the lowest levels of 
species richness and multi-species reproductive success Ponds with higher levels of 
phosphorus and turbidity had a trend towards having lower reproductive success (Knutson et 
al. 2004).   
Pesticides 
Atrazine is one of the most commonly used pesticides in North America, especially in 
the Midwestern U.S., and is predominantly used to control weeds in cornfields.  It was 
applied to 70% of the corn planted acres in Iowa in 2003 (USDA 2004).  In reservoirs 
examined in the Midwest, atrazine was detected in 74-100% of samples, depending on the 
time of year, and median concentrations ranged from 0.37 to 4.72 µg/L (Solomon et al. 
1996).  A study of Midwestern watersheds found that the atrazine concentrations in rivers 
and streams was > 2 µg/L 15 to 18% of the time, on average, and > 10 µg/L in 11 of 14 rivers 
and > 20 µg/L in 7 of the rivers at some point during the study period 1990-1992.  In 2002, 
atrazine was detected in 100% of samples from Midwestern streams and was > 0.1 µg/L in 
94% of these samples (Battaglin et al. 2005).  A field study of northern leopard frogs in Utah, 
Wisconsin, Iowa, and Nebraska revealed that hermaphroditism in wild populations was 
correlated with levels of atrazine use and contamination (Hayes et al. 2003).   
Acetochlor is a herbicide that has been used extensively in the Midwestern U.S. since 
it received a conditional registration from the U.S. EPA in 1994 (Kolpin et al. 1996).  During 
its first year of use, acetochlor was detected in 29% of rainwater samples from 4 sites in Iowa 
and 17% of stream samples collected throughout the Midwest.  Acetochlor was applied to 
37% of the corn planted acres in Iowa in 2003 (USDA 2004).  In 2002, acetochlor was 
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detected in 90% of streams sampled in nine Midwestern states (Battaglin et al. 2005).  
Although the parent herbicide alachlor was only detected in 29% of streams sampled in the 
Midwest in 2002, at least one of it's degradates were found in 96% of sampled streams 
(Battaglin et al. 2005).  In 2002, the herbicide metolachlor was detected in 86% and 
degradation products in 98% of sampled streams in the Midwest (Battaglin et al. 2005).   
Heavy Metals 
Of the metals considered in this study, Linder and Grillitsch (2000) classified arsenic, 
cadmium, chromium, copper, mercury, silver, selenium, and zinc as metals of generally high 
ecotoxicological relevance.  They characterized nickel as a metal of generally median 
ecotoxicological relevance and barium as a metal of some relevance, while lead was not 
considered to be ecotoxicologically relevant.  Birge et al (2000) classified northern leopard 
frogs, gray treefrogs, and bullfrogs as very sensitive to metals (Birge et al. 2000).  
Blanchard’s cricket frog was classified as sensitive and eastern tiger salamander as 
moderately tolerant to metals. 
Predators 
Introduced predators, such as fish and bullfrogs, may negatively influence amphibian 
populations in the Midwest (Lannoo et al. 1994, Lannoo 1998).  In addition, tiger salamander 
larvae prey on anuran tadpoles (Morin 1983, Lannoo and Phillips 2005).   
Lack of fish was associated with the highest species richness and reproductive 
success of amphibians in agricultural ponds in Minnesota (Knutson et al. 2004).  Introduced 
fish and bullfrogs are among the factors thought to be affecting the ability of larger wetlands 
to produce leopard frogs in Dickinson County, Iowa (Lannoo et al. 1994).  Minnesota prairie 
pothole wetlands with fathead minnows (Pimephales promelas) had lower abundances of 
larval eastern tiger salamanders than fishless wetlands, likely due to competition for 
invertebrate prey (Zimmer et al. 2002).  In contrast, Lehtinen et al. (1999) found that the 
presence of fish was positively associated with amphibian species richness in prairie 
wetlands in Minnesota.   
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Chytridiomycosis 
Bd is not specifically linked with any amphibian population declines in the Midwest; 
however, effects of this pathogen on amphibian populations in other parts of the world make 
it a potential threat that should not be ignored.  However, an examination of preserved 
museum specimens led to the discovery of Bd in Minnesota, Wisconsin, Missouri, and 
Indiana (Ouellet et al. 2005).  Green et al. (2002) diagnosed Bd presence in northern leopard 
frogs collected from a mortality event in North Dakota.  A recent field survey revealed Bd 
presence on amphibians in eastern Iowa (Sadinski pers. comm.).  Steiner (2007) also reported 
detection of Bd in a sample from a single Blanchard’s cricket frog, collected in Madison 
County, Iowa.  Bd presence was predicted in Iowa by some of Ron’s (2005) models for the 
distribution of the Bd pathogen.  Several of Iowa’s amphibian species have been found with 
Bd infections in other states, including bullfrogs (Mitchell and Green 2002, Longcore et al. 
2007, Pearl et al. 2007), northern leopard frogs (Green et al. 2002, Longcore et al. 2007), 
American toads (Longcore et al. 2007), and cricket frogs (Pessier et al. 1999). 
Past identification of Bd infections often came from opportunistically collected 
amphibians or preserved specimens, and many sample collections were taken from sites 
experiencing population declines.  It is being increasingly clear that more extensive and well-
designed surveys are needed to document the true prevalence, geographic distribution, and 
dispersal of Bd (Speare et al. 2001, Amphibian Conservation Summit 2005, Mendelson et al. 
2006).  A better understanding of the distribution of the disease can lead to more focused 
monitoring and study of Bd disease ecology and population impact assessment.  
Study Objectives 
I conducted surveys of amphibians at a randomly selected set of semi-permanent 
wetlands in north-central Iowa to assess i) their relative distribution and abundance and 
associations with environmental covariates, and ii) estimate the prevalence of Bd in northern 
leopard frogs.  This project was conducted in collaboration with the Iowa Department of 
Natural Resources (IDNR).  The IDNR provided estimated contaminant levels, as well as 
results from fish surveys, in the wetlands.  I explored potential relationships between 
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explanatory variables (contaminants, landscape factors, predators) and several response 
measures estimated from amphibian surveys: reproductive success and site occupancy for 
each species, and species richness.  I created a priori models with the factors of interest and 
applied information-theoretic methods and Akaike’s Information Criterion (AIC) to 
determine the relative importance and effect sizes of variables in the most parsimonious 
models.   These results will help inform researchers about future research needs and may 
guide land managers to reduce the largest potential threats to local amphibian populations.  
Based on an examination of previous studies, I hypothesized that reproductive success and 
site occupancy would be more likely and species richness would be higher in wetlands with: 
low levels of contaminants, less isolation in the landscape, less surrounding cropland, and 
that contain no fish.   
I also collected samples from northern leopard frogs and tested them for the presence 
of Bd.  These data will add to the growing body of knowledge about the geographic 
distribution and prevalence of Bd, and thereby help inform researchers and managers about 
the prevalence of the disease in agricultural landscapes.  
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CHAPTER 3. METHODS 
Study Area and Site Selection 
I conducted the study in the Winnebago river watershed of north-central Iowa which 
falls within the Prairie Pothole Region, an area that extends from central Canada to portions 
of north-central and central Iowa.  Late Pleistocene glaciation resulted in millions of 
depressional wetlands in the region (Johnson et al. 2005).  Study wetlands were included in 
the Iowa Department of Natural Resource’s (IDNR) wetland monitoring program (IDNR 
2006).  The U.S. Environmental Protection Agency (EPA) randomly selected semi-
permanently flooded or intermittently-exposed candidate wetlands using recently updated 
National Wetlands Inventory maps produced by the IDNR.  Semi-permanent wetlands have 
surface water present throughout the growing season in most years, while intermittently-
exposed wetlands have surface water throughout the entire year except in extreme drought 
years (Cowardin et al. 1979).  From the sampling frame of the EPA candidate wetlands, the 
IDNR selected final study sites based on ground truthing and the ability to gain permission to 
access private wetlands.  I conducted my study at the 29 wetlands that the IDNR sampled in 
2005 (Figure 1).  Four Iowa counties contain these wetlands: Cerro Gordo, Hancock, 
Winnebago, and Worth.  Sites occurred on both public (13) and private (16) lands. 
Amphibian Sampling  
I conducted amphibian surveys from April to July of 2006 and April to June of 2007.  
In 2006 I utilized three sampling techniques: call surveys, visual encounter surveys (VES), 
and funnel trapping to estimate species presence and reproductive success for each site.  In 
2007 I restricted sampling to call surveys.  These surveys provided data on anuran species 
that were present and potentially breeding at each site (call surveys, VES) and on the 
reproductive success of all amphibian species (VES, funnel trapping).  One trained field 
assistant and I conducted all surveys.   
Call Surveys 
In 2006 I conducted a call survey at each site during each of the following time 
periods: April 3-27, May 16-June 4, June 18–July 2.  These time blocks are consistent with 
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the schedule used by the Iowa state-wide volunteer call survey program to stratify the 
breeding season in an attempt to include all of Iowa’s species during their peak calling times 
(Hemesath 1998).  In 2007, I conducted a survey at each site in the time periods: April 16–
April 26, April 26-May 8, May 31-June 14.  The survey dates were adjusted from the 
previous year to increase the likelihood of detecting northern leopard frogs. 
I established one survey location for smaller wetlands (< 8 hectares) and two survey 
locations at opposite ends of the wetland at larger wetlands (> 8 hectares).  We began surveys 
at least 30 minutes after sunset and completed them by 1:00 am.  Surveys were not conducted 
if weather conditions (high winds > 12 mph or rain) could affect the observer’s ability to hear 
calls.  At each survey point, the observer waited quietly for 1 minute to minimize the impact 
of disturbance before listening for calls for 5 minutes.  The highest call index for each 
species was recorded.  The number of calling frogs was classified with the calling index that 
is used in the North American amphibian monitoring program (NAAMP; Weir and Mossman 
2005):  
0) No frogs, of a given species, can be heard calling.    
1) Individuals can be counted; there is a space between calls. 
2) Calls of individuals can be distinguished but there is some overlapping of calls. 
 3) Full chorus, calls are constant, continuous and overlapping.          
Visual Encounter Surveys 
A VES requires relatively low time investment, financial cost, and personnel when 
compared to other standard amphibian monitoring techniques (Heyer et al. 1994).  The VES 
can be used to estimate the species richness of an area and to estimate relative abundance of 
species (Crump and Scott 1994).  I surveyed each site 4 times during the season: April 3-14, 
April 24–May 12, May 22-June 14, and June 30-July 18.  A survey was conducted either by a 
single individual for one hour or by two people for ½ hour each, searching different areas of 
the wetland, for a total of 1 person-hour search time per wetland.  I conducted the first round 
of VES independently while the last three rounds were conducted by me and a field assistant.  
Beginning at an arbitrary starting point, the observer/s slowly walked along the perimeter of 
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the wetland, systematically searching for all visible amphibians.  When two observers 
conducted a VES, they started at the same point and walked in opposite directions along the 
wetland edge.  At the end of the VES we recorded the combined number of metamorphs and 
adults of each species seen in categories of: 0, 1-10, 11-100, 101-1000, and >1000 animals.  I 
used categories rather than exact counts to help reduce the bias from potentially counting an 
individual more than once.  We also noted observations of tadpoles as well as the 
approximate number of metamorphs and adults observed. 
Funnel Trapping 
I utilized funnel traps to detect larval amphibians.  This method is simple, repeatable, 
and has very little potential for observer bias (Adams et al. 1997).  Compared to other aquatic 
sampling techniques, funnel trapping has less bias from disturbance, less destruction of 
habitat, and high numbers of captures (Johnson et al.1997).  Funnel trapping is recommended 
in sites where dense vegetation may limit visibility or impact movements (Adams et al. 
1997).  One disadvantage of traps is the potential for trap mortalities.  To minimize this 
problem, we placed a 0.6 L plastic soda bottle within each trap to act as a float, which 
allowed trapped animals to have access to air (Willson and Dorcas 2004).   
I used 24”x12” collapsible minnow traps, made of ¼” polyethylene netting (Cabelas 
IF-017356).  We did not bait the traps in order to avoid potential biases caused by differences 
in the effectiveness of bait among multiple species and among variable wetlands (Adams et 
al. 1997).  In order to increase the efficiency of the funnel traps, we set the traps up along 3 
meter long aquatic drift fences attached to three stakes, as described in Willson and Dorcas 
(2004).  In an experimental comparison of the effectiveness of trapping with drift fences and 
traditional funnel trapping, traps with fences caught more than twice as many individuals and 
significantly more species or life stages than unfenced traps (Willson and Dorcas 2004).  
Following their methods, we set up four traps along each drift fence, one placed at each end 
and two along the middle, on each side of the fence.  We used two sets of one drift fence and 
four traps, for a total of 8 funnel traps per wetland.  The two sets of traps were placed at 
opposite ends of each wetland.  For each sampling bout, traps were left in wetlands for 
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approximately 24 hours.  The number and species of larval amphibians in each trap were 
recorded.  We also noted any fish and adult/metamorph amphibians that were captured.  We 
attempted to set funnel traps in each wetland during each of 3 trapping sessions (April 24-
May 23, May 30-June 22, June 30-July 14). 
Contaminant Sampling 
Employees of the Iowa Department of Natural Resources collected water and 
sediment samples from June 15 to July 13, 2005.   These samples were analyzed to test for a 
variety of pesticides, nutrients, and heavy metals (IDNR 2006).  They collected samples from 
the open water zones of the wetlands, reached by canoe to reduce disturbance.  Water was 
collected by taking surface water grab samples in the middle of the open water zone.  The pH 
level was measured on site with a hand-held device.  They also took sediment cores (7.6 cm 
diameter, 30 cm depth) from three random locations in each wetland.  They pooled the three 
core samples from each wetland before sending them to a laboratory for analysis (IDNR 
2006).   Portions of each sediment core were sent to the U.S. Geological Survey National 
Geochemical Lab in Colorado to be analyzed for heavy metals.  The remainder of the 
sediment cores and all of the water samples were sent to the University of Iowa Hygienic 
Laboratory for all other laboratory analyses (IDNR 2005a). 
Fish Sampling 
I recorded all fish captured in funnel trapping surveys in 2006.  I also set fyke nets in 
8 wetlands, for approximately 24 hours, in an attempt to capture larger fish (7/13-7/24 and 
10/9).  I set one fyke net in smaller wetlands (< 8 hectares) and two fyke nets in larger 
wetlands (> 8 hectares).  The Iowa DNR also sampled fish in several of my study sites in 
2006, using fyke nets and minnow traps in 3 wetlands, and only minnow traps in 9 wetlands.  
They used 3 Gee type minnow traps, baited with dry dog food and 2 fyke nets per wetland 
(IDNR 2006).  We could not set fyke nets in some wetlands because the water was too 
shallow at the time of sampling.  Using all of these surveys combined, I summarized the fish 
data for each site as fish detected or not detected. 
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Landscape Analysis 
I used maps from the IDNR’s Natural Resources Geographic Information Systems 
Library website (http://www.igsb.uiowa.edu/nrgislibx/).  This included a 15-meter resolution 
landcover map of Iowa for 2002, derived from satellite imagery, as well as updated 2002 
National Wetland Inventory maps for my four study counties (IDNR 2004, IDNR 2005b).  I 
used GIS (ArcGIS 9, Environmental Systems Research Institute, Redlands, California) to 
create buffers around each of my 29 wetland sites for a distance of 500m, 1000m, and 2000m 
from the outer perimeter of the wetland.  Within each of these buffers I calculated the total 
proportion of row crops.  I also recorded the number of wetlands that were at least partially 
contained within the 500 and 1000 meter buffers, and I calculated the distance from the study 
wetland to its nearest neighboring wetland, measured from edge to edge.  
Chytridiomycosis 
Disinfection 
Since field researchers may play a role in transmitting pathogens such as Bd (Speare 
et al. 2001), I took precautionary measures when moving between study sites.  I scrubbed and 
soaked all field equipment and waders in household bleach and/or allowed them to dry 
completely between sites. 
Field Methods 
I sampled leopard frogs for Batrachochytrium dendrobatidis (Bd) testing from all 
study sites from April 27 to July 20 of 2006, under a collecting permit issued by the Iowa 
Department of Natural Resources (permit SC 739).  All methods were approved by the 
Institutional Animal Care and Use Committee at Iowa State University (6-05-5923-Z). 
 I focused my sampling on tadpoles because this stage of development is sensitive for 
assessing the presence of Bd (Berger et al. 1999).  I attempted to sample 60 tadpoles per 
wetland in order to detect at least one affected animal, with 95% confidence, given the 
assumption that Bd prevalence in the population was 5% (DiGiacomo and Koepsell 1986).  
Tadpoles were captured in aquatic funnel traps.  I placed the tadpoles in gallon-sized Ziploc 
bags with water from the wetland and stored them in coolers with icepacks for transport.  I 
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also sampled any adult leopard frogs that were captured in the traps, and I sampled 
metamorphs at sites where tadpole sample sizes were low, capturing them by hand or with 
nets.  Disposable gloves were worn and changed for each animal.  Each net was used only 
once per site visit, to avoid cross-contamination caused by Bd zoospores caught in the net.   
Sterile fine tip swabs (Medical Wire MW113) were used to collect skin tissue 
samples.  Swabbing has been recommended as the preferred sampling method for the 
detection of Bd (Hyatt et al. 2007).  Samples were collected from tadpoles by swabbing their 
mouthparts (Retallick et al. 2006).  The swab was rubbed over and between the teeth rows.  
Tadpoles were then euthanized with tricaine methane sulfonate (TMS, MS-222) and stored in 
ethanol.  I collected samples from adult and metamorph leopard frogs by swabbing the 
ventrum 30 times.  The 30 strokes were allocated to 10 on each of the left and right sides of 
the underside of the frog and 5 on each foot.  The highest concentrations of chytrid thalli 
have been found in the skin of the ventral abdomen, hind limbs, and feet (Longcore et al. 
1999).  I immediately released adults and metamorphs in the field after swabbing.  I air dried 
all swabs for 5 minutes, avoiding direct sunlight, and placed them in pre-sterilized 
microcentrifuge tubes (Fisher 05-669-17).  Swabs were stored dry, as recommended by Hyatt 
et al. (2007).  I transported the samples in a cooler and stored them in a freezer before 
laboratory analysis.   
Laboratory Analysis 
I extracted the DNA from each swab by adding 50 µL of PrepMan Ultra to each vial.  
The vials were then heated for 10 minutes at 100°C, cooled for two minutes, and centrifuged 
at 13,000 rpm for 3 minutes.  I removed 20-25 µL of supernatant from each vial and stored it 
in 96-well plates at -20°C.  I used a quantitative real-time Taqman PCR assay, as described 
by Boyle et al. (2004), to test for the presence of Bd on swabs.  This technique has been 
found to have a higher degree of sensitivity and specificity than other diagnostic assays 
(Boyle et al. 2004, Hyatt et al. 2007).  I performed PCR assays with an Applied Biosystems 
Prism 7000 Sequence Detection System, at the USGS National Wildlife Health Center in 
Madison, Wisconsin.  In order to quantify the amount of Bd on the swabs I included 6 
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standards in every plate; 2 wells each of 10, 1, and 0.1 genome equivalents (zoospores) of 
Bd.  I used amplification conditions as described in Boyle et al. (2004), and ran the final 
steps for 42 cycles.  I ran initial assays of DNA samples from two swabs pooled together.   
When Bd was detected in a well, I ran samples in triplicate for each of the individual swabs 
from this well.  I considered samples to be positive if Bd was detected in all 3 wells.  For 
those with equivocal results, in which Bd was detected in only 1 or 2 wells, I ran the sample 
in triplicate an additional time and considered it to be positive if Bd was detected in at least 3 
wells from all runs.  This protocol only indicates the presence of the pathogen on the 
swabbed tissue.  A histological analysis would be necessary to confirm infections with Bd.     
Statistical Analyses 
I used an information-theoretic (IT) approach (Burnham and Anderson 2002) to 
examine relationships between an a priori set of models and amphibian response variables.  
This approach is most appropriate for analysis of observational data, and it has been 
suggested that this method should be widely adopted and routinely used by herpetologists 
(Mazerolle 2006).  The IT method acknowledges our inability to find the exact truth in 
observational biological studies, and focuses on selecting the model, or models, that best 
approximate reality, conditional on the given data set and the model set.  Central to 
information-theoretic methods is the creation of a small a priori set of candidate models, 
which requires critical thinking about the biological system being studied and consideration 
of findings from previous investigations.   
I initially created a list of independent variables that could potentially affect 
amphibian species presence, reproduction, and richness: pesticides, nutrients, heavy metals, 
land use, neighboring wetlands, and predators (Table 1).  From this list I removed any 
pesticides, nutrients, and heavy metals that were detected at less than 10 sites.  I then 
computed correlation coefficients for pair-wise comparisons of the explanatory variables 
within classes. When a pair was highly correlated (> 0.8), I removed one of the variables 
from further analyses.  I also chose not to include pH in the analyses since all values (range 
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7.5 - 10.2) exceeded those documented to affect amphibians.  Using the remaining variables, 
I created 10 single covariate a priori candidate models: 
Pesticides (1) Acetochlor: acetochlor + degradates  
(2) Alachlor: alachlor +degradates  
   (3) Atrazine: atrazine + degradates 
(4) Metolachlor: metolachlor + degradates 
Nutrients (5) TKN: total kjeldahl nitrogen 
(6) TotalP: total phosphate 
Landscape (7) Cropland: proportion of row crops within a 500 meter buffer 
(8) Distance: distance to nearest wetland  
(9) Density: density of wetlands within a 500 meter buffer  
Predators (10) Fish: fish detected/not detected 
In addition, I examined an intercept-only model, containing no environmental covariates, as a 
baseline to compare to the more complex models.  The pesticide variables used were 
included the concentration of the parent compound plus that of several of it’s degradates: 
acetochlor ethanesulfonic acid (ESA), acetochlor oxanilic acid (OXA), alachlor ESA, 
alachlor OXA, desethyl atrazine, desisopropyl atrazine, metolachlor ESA, and metolachlor 
OXA.  Then I examined the maximum likelihood parameter estimates and 90% confidence 
intervals for the covariates from the best model.  When the best model did not have a wi  > 
0.9, I examined the parameter estimates and confidence intervals for the covariates from all 
candidate models that had a ∆AICc < 7.  I chose to use a less conservative confidence interval 
since this is an exploratory study using observational data.  When more than one parameter 
estimate had confidence intervals that did not include 0 I created additional models with 
these covariates to assess their relative effects.  This included a model with all relevant 
covariates, as well as models containing each pair-wise combination of these covariates.   
I used the IT model selection approach to develop models for 3 different responses.  
For each species, I defined 2 dependent variables for each wetland.  Successful reproduction 
was defined as at least 1 observation of a larva or metamorph during VES or funnel trapping 
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surveys.  I used detections in call surveys from both years to classify a wetland as occupied 
or not occupied.  Naïve site occupancy is defined as the proportion of sites where a species 
was detected calling at least once during either year.  I defined anuran species richness as the 
total number of anuran species that I detected at least once during any of the surveys 
conducted in 2006. 
Using SAS® software version 9.1 (SAS Institute, 2003) I performed logistic 
regression (PROC LOGISTIC) and Poisson regression (PROC GENMOD) analyses to 
compare the candidate models for successful reproduction and anuran species richness, 
respectively.  For the Poisson regression analyses, I included a scale parameter to correct for 
overdispersion.  This correction factor added an additional parameter to each model.  Since 
detections of species are likely imperfect, response variables used in these analyses are based 
on the probability of a species being both present and detected.  I calculated 2 measures to 
assess the fit of the best logistic regression models for my dataset.  Tau-a (τa) is a measure (0-
1), based on concordance, of the association between predicted and observed values.  
Concordance is determined by looking at all pairs of variables, where one has an outcome of 
1 and the other has an outcome of 0, and seeing which variable has a higher predicted value.  
If the case with an outcome of 1 has the higher predicted value then the pair is concordant, 
otherwise it is discordant.  In addition, I generated a predicted probability of successful 
reproduction by plugging the observed covariates for each site into the model equations.  I set 
a cutoff point of 0.5, where I considered any probability > 0.5 to predict successful 
reproduction (1) and any probability < 0.5 to predict unsuccessful reproduction (0).  I used 
this information to find the percentage of sites with an accurate prediction of the actual 
outcome.   
I utilized the robust occupancy model in Program MARK, version 4.3 (White and 
Burnham 1999), to estimate the proportion of wetlands occupied, based on call surveys.  
Occupancy modeling is a useful analytical method when multiple surveys have been 
conducted at a site and the probability of detecting a species is < 1 (MacKenzie et al. 2002).  
It allows for the inclusion of both sampling and site covariates which may affect estimates of 
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detection probability (p) and occupancy (Ψ), respectively.  I used robust occupancy models, 
which allow for the use of multiple surveys conducted within each of several seasons, to 
examine call survey data collected in 2006 and 2007.  The Ψ value from the robust model 
represents an estimate of the proportion of sites occupied, for both years combined, that can 
also be interpreted as the probability of occupancy at a particular site.  For each species I 
only included sampling periods in which the species was detected at least once, in order to 
account for differences in calling phenologies.  I first fit models that only included survey 
period and air temperature covariates for detection probability, and a constant-detection 
model.  I chose the most parsimonious model for estimating p for each species and used this 
information to then evaluate the influences of the 7 candidate models on Ψ. 
I used Akaike’s Information Criterion (AIC), with a small sample bias adjustment 
(AICc), to compare the relative strength of the models.  AIC estimates “the expected, relative 
distance between the fitted model and the unknown true mechanism (perhaps of infinite 
dimension) that actually generated the observed data” (Burnham and Anderson 2002).  
Therefore, models with lower AIC values are expected to do a better job of approximating 
reality, given the data, than other models in the set.  AIC incorporates the principle of 
parsimony, balancing the tradeoff between bias and variance.  Models are compared by 
looking at the ∆AICc values for each model in the set, which is the difference between the 
AICc value of each model and the lowest AICc value, associated with the estimated best 
model.  When the sample size is small, models with a ∆AICc of less than 2 are considered to 
have substantial support.  Those with a difference between 4 and 7 are thought to have some 
support, though considerably less, and models with a difference greater than 10 are thought 
to essentially have no support (Burnham and Anderson 2002).  Since I used a correction for 
dispersion in the Poisson regression analyses, I referred to the results of these analyses with 
the terms QAICc and ∆QAICc. 
I also calculated Akaike weights (wi) to compare the relative strength of support for 
the models.  An Akaike weight represents the relative amount of evidence supporting a 
particular model as the actual best, given the data, from the full set of candidate models 
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(Burnham and Anderson 2002).  Model selection uncertainty is likely to be high when there 
is relatively weak support for the best model.  A high level of model selection uncertainty 
indicates that there will likely be a lot of variation in which model is selected as the best if 
sampling is repeated.  Unless an Akaike weight is very large (i.e. > 0.9), it is important to 
consider the potential importance of other models in the set.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
36 
 
Table 1. Initial list of explanatory variables to be used in analyses.  Variables retained for 
analyses are in bold.   
 
Class of Variables Potential Variables 
  
Pesticides  2,4 D  
 Acetochlor Acetochlor + degradates 
 Alachlor Alachlor + degradates  
 Aldrin  
 Atrazine Atrazine + degradates 
 
Carbaryl  
 
Chloropyrifos  
 DDT  DDT + degradates 
 Dicamba 
 
 Metolachlor Metolachlor + degradates 
  Total Aroclor   
Nutrients Ammonia as N 
 
 Nitrate + Nitrite Nitrogen as N 
 
 
Total Kjeldahl Nitrogen 
 
 Ortho Phosphate 
 
  Total Phosphate   
Heavy Metals Total Arsenic 
 
 Total Cadmium 
 
 Total Chromium 
 
 Total Copper 
 
  Total Mercury 
  
Acidity pH 
  
Land Use proportion of cropland within a 500m buffer 
 proportion of cropland within a 1000m buffer 
  proportion of cropland within a 2000m buffer 
Wetland distance to the nearest neighboring wetland 
 # of wetlands within a 500m buffer 
  # of wetlands within a 1000m buffer 
Predator presence of fish  
  presence of tiger salamanders 
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Figure 1. Location of study sites within the Winnebago river watershed, covering four 
counties in north-central Iowa. 
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CHAPTER 4: RESULTS 
The study area includes the historical ranges of six different amphibian species (Table 
2).  In addition, I expected to encounter bullfrogs as their range has been expanding in Iowa 
(Christiansen 1981, Christiansen and Bailey 1991).  I did not attempt to distinguish between 
the two species of gray treefrog (Hyla chrysoscelis, Hyla versicolor) because the only 
reliable difference between these species is the number of chromosomes (Christiansen and 
Bailey 1991).   
I did not encounter Blanchard’s cricket frogs or bullfrogs at any of the study sites.   
Northern leopard frogs (leopard frogs), American toads, and western chorus frogs (chorus 
frogs) were the most frequently encountered species.  I detected these 2 species at least once 
in 2006 or 2007 at all 29 sites, and gray treefrogs were detected at 21 (72%) sites and Eastern 
tiger salamanders (tiger salamanders) at 9 (31%) sites (Table 2).   
Amphibians 
Call Surveys 
I conducted a total of 174 call surveys (3/site/year).  Combining call survey data from 
both years, I heard chorus frogs calling at least once at every site (2006: 27 sites, 2007: 28 
sites, Table 3) and leopard frogs calling in all but one site (2006: 14, 2007: 28, Table 3).  I 
recorded American toad (2006: 12, 2007: 14) and gray treefrog (2006: 17, 2007: 17) calling 
at 19 and 20 different sites, respectively.  
Visual Encounter Surveys 
I performed 116 visual encounter surveys (VES) in 2006 (4/site).  I observed leopard 
frogs and American toads of any life stage at 27 and 26 sites, respectively (Table 3).  I also 
saw chorus frogs at 2 and gray treefrogs at 3 sites.  Tiger salamanders were not detected in 
any survey.  I saw leopard frog metamorphs and/or tadpoles at 19 sites and American toad 
metamorphs and/or tadpoles at 14 sites.   
Funnel Trapping 
I was unable to conduct three funnel trapping sessions at all sites due to lack of 
adequate water depth later in the season.  I trapped 3 times in 23 sites, twice in 3 sites (# 54, 
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72, 76), and once in 3 sites (# 28, 74, 90).  In one of these (# 76), only one drift fence was set 
up during the 2nd trapping session because of the limited amount of standing water.   
I conducted a total of 620 trapping periods.  I captured 6487 larvae: 3261 leopard 
frogs (19 sites), 2814 American toads (20 sites), 331 eastern tiger salamanders (9 sites), 70 
chorus frogs (10 sites), and 11 gray treefrogs (4 sites, Table 3). Two sites (# 96, # 43) 
accounted for a large proportion of the leopard frog and American toad tadpoles captured.  I 
also captured 132 leopard frog and 3 American toad metamorphs and adults.   
Contaminant Detections 
The IDNR’s only detections of heavy metals of interest included arsenic detected at 
0.1 mg/L at two sites.  Of the pesticides tested, acetochlor (28 sites), alachlor (27), atrazine 
(29), and metolachlor (26) were the most commonly detected, when including their 
degradates.  Acetochlor plus degradates ranged from not detected (ND) to 3.4 µg/L (median 
= 0.24 µg/L).  Alachlor plus degradates ranged from ND to 0.74 µg/L  (median = 0.22 µg/L).  
Atrazine plus degradates ranged from 0.13 to 2.93 µg/L (median = 0.30 µg/L).  Metolachlor 
plus degradates ranged from ND to 6.38 µg/L (median = 0.21 µg/L).  Total Kjehldal Nitrogen 
(0.73-2.90 mg/L, median = 1.5 mg/L) and total phosphate (0.05-1.2 mg/L, median = 0.3 
mg/L) were detected at all 29 sites.   
Fish Detections 
I combined data from all trapping methods conducted by the DNR and myself; fish 
were detected at least once in 17 (59%) sites (Table 4).  The species detected, in order of 
prevalence, included: fathead minnow (Pimephales promelas: 15 sites), green sunfish 
(Lepomis cyanellus: 6), bullhead (Ameiurus melas: 5), brook stickleback                         
(Culea inconstans: 4), bluegill (Lepomis macrochirus: 2), common carp (Cyprinus carpio: 2), 
central mud minnow (Umbra limi: 2), black crappie (Pomoxis nigromaculatus: 1), shiner 
(Notropis sp.: 1), white sucker (Catostomus commersoni: 1), and largemouth bass 
(Micropterus salmoides: 1).   
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Landscape Variables 
The density of wetlands within 500 meter buffers around the study sites ranged from 
0 to 20, with a median of 4 wetlands (Table 4).  The distance to the nearest neighboring 
wetland ranged from 0 to 1035 meters, with a median of 57 meters (Table 4).  The amount of 
cropland within the 500 meter buffers ranged from 15% to 97%, with a median of 62% 
(Table 4).      
Successful Reproduction 
I recorded the highest levels of reproductive success for American toads (86%) and 
leopard frogs (72%, Table 5).  Reproductive success was detected at 34% of sites for chorus 
frogs, 31% of sites for tiger salamanders, and 13% of sites for gray treefrogs.   
Leopard Frog 
The TotalP model had the lowest AICc value (Table 6).  However, this model had a 
relatively small Akaike weight of 0.214.  The Alachlor, Fish, and Distance models also had 
substantial support (< 2 ∆AICc) and the remaining models were also competitive.  The 
estimated coeffecients for total phosphate (90% CI: -6.854, -0.358, Figure 2), alachlor (90% 
CI: -9.580, -0.395, Figure 3), and fish (90% CI: -3.941, -0.141) suggested negative 
relationships with successful reproduction.  The association between predicted and observed 
values from the TotalP and Alachlor models were τa = 0.259 and τa = 0.135, respectively.  
Both models correctly predicted the outcome (successful/not successful) for 75.9% of the 
sites.  The estimated effects of the remaining covariate effects had confidence intervals that 
included 0 (Table 7).   
A 0.1 mg increase in the concentration of total phosphate was associated with a 30% 
decrease (90% CI: -50%, -4%) in the odds of successful reproduction.  A 0.1 µg/L increase in 
the concentration of alachlor was associated with a 39% decrease (90% CI: -62,   -4) in the 
odds of successful reproduction.  Successful reproduction is one-tenth (90% CI: 0.02, 0.87) 
as likely among sites with fish.  Based on these results, I developed four post-hoc models: 
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TotalP + Fish + Alachlor 
TotalP + Alachlor  
TotalP + Fish  
Alachlor + Fish 
I added these models to the original model set and found that the new models, except 
for Alachlor + Fish, became the top models and the only ones with substantial support (Table 
8).  However, the coefficients for some of the covariates from these new models had 90% 
confidence intervals that included 0 (Table 9).  In order to investigate this irregularity, I 
examined graphs of all pair-wise comparisons of these covariates (Figure 4).  The alachlor 
and fish covariates appeared to be affecting reproductive success in a similar way, likely due 
to their positive association.  Median alachlor concentration was higher in sites with fish 
(0.15 µg/L) than in fishless sites (0.05 µg/L).  I concluded the effects of these 2 covariates 
were somewhat confounded.  Total phosphate appears to be having a greater effect on the 
probability of reproductive success in sites with fish than in fishless sites, especially at lower 
concentrations of total phosphate (Figure 5).  This model produced estimated probabilities of 
successful reproduction, over the range of observed total phosphate concentrations, of 0.009 
to 0.908 for sites with fish and 0.217 to 0.997 for fishless sites.  At the median total 
phosphate level (0.3 mg/L) the probability of successful reproduction was 0.630 for sites 
with fish and 0.981 for fishless sites.  The association between predicted and observed values 
from the TotalP + Fish model was τa = 0.293. This model correctly predicted the outcome 
(successful/not successful) for 79.3% of the sites.  
American Toad 
The model with no added covariates (Intercept-only) was the best model (Table 6).  
The Fish model did not run successfully and did not produce a valid maximum likelihood 
estimate, because of a lack of the necessary variation in the data set; since all sites where 
toads did not successfully reproduce coincided with sites where fish were present.  However, 
toads did successfully reproduce in the 13 other sites where fish were detected.  All of the 
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candidate models had some support as the best model, with ∆AICc values less than 3, but all 
of the confidence intervals for effects overlapped 0 (Table 7).   
Chorus Frog 
The Alachlor model was selected as the best model, with fairly strong support          
(wi = 0.899) as the best model (Table 6).  The covariates alachlor (90% CI: -38.687, -6.041) 
and fish (90% CI: -3.299, -0.455) had negative associations with successful reproduction 
(Table 7, Figure 6).  The association between predicted and observed values from the 
Alachlor model was τa = 0.333.  This model correctly predicted outcome (successful/not 
successful) for 79.3% of the sites.  A 0.1 µg/L increase in the concentration of alachlor was 
associated with an 89% decrease (90% CI: -98, -45) in the odds of successful reproduction.  
Successful reproduction of chorus frogs is 0.15 times (90% CI: 0.04, 0.63) as likely in sites 
with fish.  I developed an additional post-hoc model using the 2 covariates. 
Alachlor + Fish 
This model had substantial support when added to the model set (wi = 0.411, Table 
8).  However, the estimate for the fish effect from the combined model had confidence 
intervals that included 0 (Table 9), suggesting that alachlor was the dominant effect in the 
analysis.   
Gray Treefrog 
The Alachlor (wi = 0.466) and Acetochlor (wi = 0.202) models both had substantial 
support and all except the TKN model had some support (Table 6).  All of the estimates of 
parameters from the competing models had confidence intervals that overlapped 0 (Table 7), 
although the confidence intervals for alachlor (90% CI: -74.603, 1.049) and proportion 
cropland (90% CI: -0.088, 0.0003) barely included 0.  
Tiger Salamander 
The Intercept-only model was selected as the best model (Table 6).  The Fish model 
did not run successfully due to a lack of variation in the data; tiger salamanders only 
reproduced successfully at sites where fish were not detected.  All of the models had some 
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support, with ∆AICc values less than 3.  The maximum likelihood estimates for all variables 
had confidence intervals that included 0 (Table 7). 
Anuran Species Richness 
Anuran species richness in 2006 ranged from 1 to 4, with at least 3 species detected at 
all but 3 sites (Table 10).  The predator model had overwhelming support as the best model 
(wi = 1, Table 11).  The maximum likelihood estimate for the fish effect was negative (Table 
12, 90% CI: -0.346, -0.068), suggesting that higher levels of species richness were associated 
with sites where fish were not detected (Figure 7).   
Occupancy 
I was unable to run occupancy model analyses for leopard frogs and chorus frogs 
because of their high levels of prevalence (96.6% and 100% of sites, respectively).   
American Toad 
American toads were detected in all 3 call survey periods for both years.  Thus, I 
conducted the analysis with 2 primary periods (2006 & 2007) and 3 secondary periods within 
each year.  From the initial stage of modeling detection probability (p), I chose the model that 
estimated a different p for each survey period in each year (p(t)) because it was the most 
parsimonious model.   
The Constant-occupancy model, with no covariates was the best model (Table 13), 
produced an occupancy estimate of 0.765 (S.E. = 0.300), as compared with the naïve 
occupancy of 0.621.  The wetland density model also had substantial support (wi = 0.317).  
Several models did not converge to reliable estimates.  All of the remaining candidate models 
had some support as the best model.  The density of wetlands was positively related to 
occupancy (90% CI: 0.028, 1.483).  The effect estimates for the rest of the covariates had 
confidence intervals that overlapped 0 (Table 14). 
Using the mean covariate value (5.38 wetlands), the wetland density model produced 
an occupancy estimate of 0.9 (S.E. = 0.13).  Over the observed range of values (density = 0 - 
20 wetlands), the estimated probability of occupancy ranged from 0.13 to 1 (Figure 8).  Sites 
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with at least 10 neighboring wetlands within a 500 meter buffer had an estimated probability 
of occupancy of 1.  
Gray Treefrog 
I recorded gray treefrogs calling in 2 sampling periods in each year, resulting in an 
analysis with 2 primary sampling periods (2006 & 2007) and 2 secondary periods within 
each year.  Initial models that contained effects of temperature and survey period on 
detection probabilities did not converge.  This may have been due to having low detection in 
one of the sampling periods (2 sites).  Therefore, I could not run further analyses to model 
the effects of the covariates on occupancy.  The naïve estimate of occupancy was 0.690. 
Chytridiomycosis 
I collected swabs from 720 tadpoles, 25 metamorphs, and 10 adults in 22 sites.  I 
detected Bd on 5 swabs from adults and did not detect Bd on swabs from tadpoles or 
metamorphs (Table 15).  I collected each of the positive swabs from a different site, for a 
detection of Bd at 23% of all sites sampled.  These 5 sites are located in 3 counties: Cerro 
Gordo, Winnebago, and Worth (Figure 9).  Less than 1% of all swabs were positive for Bd, 
although 62% of sites with adult samples were positive.  The mean amount of Bd detected on 
the positive swabs ranged from 0.241 to 33.370 genome equivalents of Bd (Table 16).   
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Table 2. Number of north-central Iowa wetlands surveyed in which individual amphibian 
species were detected (N = 29). 
 
  Number of sites 
Common Name Scientific Name 2006 2007 2006 or 2007 
Northern leopard frog Rana pipiens 27 28 29 
American toad Bufo americanus 27 14 29 
Western chorus frog Pseudacris triseriata 27 28 29 
Gray treefrog Hyla versicolor      /Hyla chrysoscelis 18 17 21 
Eastern tiger salamander Ambystoma tigrinum 9 N/A 9 
Blanchard's cricket frog Acris crepitans 0 0 0 
Bullfrog Rana catesbiana 0 0 0 
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Table 3. Raw data from amphibian surveys. 
 
 Leopard Frog American toad 
Site Call '06a Call '07b VESc Funneld Call '06a Call '07b VESc Funneld 
8 0 2 1-10 1 0 1 1-10 0 
12 2 3 1-10 2 1 2 101-1000 75 
16 0 2 1-10 0 3 0 0 0 
20 0 1 101-1000 111 0 0 1-10 127 
24 2 3 11-100 138 2 1 1-10 36 
26 0 0 11-100 0 0 0 1-10 0 
28 0 1 0 0 0 0 0 0 
31 0 3 101-1000 31 2 3 11-100 35 
32 0 3 11-100 5 0 3 1-10 0 
36 0 1 >1000 55 3 0 1-10 1 
38 0 2 >1000 9 0 0 0 1 
40 0 3 11-100 13 0 3 11-100 2 
42 0 2 1-10 0 0 0 1-10 0 
43 2 2 101-1000 426 3 3 11-100 1759 
44 1 2 101-1000 25 0 3 11-100 7 
52 1 1 101-1000 93 0 2 1-10 12 
54 1 2 101-1000 9 0 0 1-10 2 
58 2 2 1-10 9 2 0 11-100 1 
59 1 3 1-10 5 3 0 1-10 7 
68 1 2 101-1000 0 0 0 1-10 1 
70 1 3 101-1000 69 0 0 11-100 18 
72 1 3 1-10 0 0 1 1-10 50 
74 2 1 1-10 0 2 1 1-10 0 
75 2 2 1-10 32 0 0 1-10 52 
76 0 2 1-10 0 0 0 0 0 
84 0 1 101-1000 373 2 0 1-10 154 
88 0 2 0 0 1 1 1-10 0 
90 2 2 0 0 3 3 11-100 4 
96 0 1 11-100 1856 0 2 11-100 470 
 
 
a
 Highest call survey index in 2006. 
b
 Highest call survey index in 2007. 
c
 Highest VES category in 2006. 
d
 Total number of larvae captured from all funnel trapping surveys combined in 2006. 
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Table 3. (continued) 
 
Chorus frog Gray treefrog 
Tiger 
salamander 
Call '06a Call '07b VESc Funneld Call '06a Call '07b VESc Funneld VESc Funneld 
0 1 0 0 0 0 0 0 0 0 
3 3 0 1 3 3 0 6 0 4 
1 3 0 0 1 2 0 0 0 0 
3 3 0 17 3 2 0 2 0 6 
3 3 0 0 2 2 1-10 0 0 0 
1 0 0 0 0 0 0 0 0 0 
3 3 0 0 0 0 0 0 0 0 
3 3 0 0 3 2 0 0 0 0 
1 3 0 0 0 3 0 0 0 0 
2 3 0 0 2 3 0 0 0 4 
3 3 0 2 2 3 1-10 2 0 20 
3 3 0 0 1 2 0 0 0 99 
0 1 0 0 2 0 0 0 0 0 
2 3 0 13 0 2 0 0 0 0 
3 3 0 0 3 1 0 0 0 90 
3 3 1-10 0 2 1 0 0 0 30 
3 3 0 1 0 0 0 0 0 0 
3 3 0 0 0 0 0 0 0 0 
3 3 0 0 3 1 0 0 0 0 
3 2 0 0 2 2 0 0 0 0 
3 3 0 3 0 3 0 0 0 38 
3 3 0 2 0 0 1-10 0 0 0 
3 3 0 0 2 1 0 0 0 0 
3 3 0 9 2 0 0 0 0 40 
3 3 0 0 0 0 0 0 0 0 
3 1 0 1 2 3 0 1 0 0 
1 3 0 0 2 0 0 0 0 0 
3 3 1-10 21 0 0 0 0 0 0 
3 3 0 0 0 0 0 0 0 0 
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Table 4. Explanatory variables used in analyses. 
 
Site 
Atrazine 
+ 
degradates 
(µg/L) 
Metolachlor 
+ 
degradates 
(µg/L) 
Alachlor     
+ 
degradates 
(µg/L) 
Acetochlor 
+ 
degradates 
(µg/L) 
Total 
Kjeldahl 
Nitrogen 
as N 
(mg/L) 
Total 
Phosphate 
as P (mg/L) 
% cropland 
within 500m 
buffer 
Distance to   
nearest 
wetland (m) 
# of 
wetlands 
within 500m 
buffer 
Fish 
presence  
/absence 
8 0.44 0.39 0.05 0.22 2.5 0.32 60.80 15.7 12 1 
12 0.32 0.00 0.05 0.05 1.4 0.07 94.73 7.9 6 0 
16 0.21 0.40 0.66 0.57 1.3 0.55 64.93 75.7 5 1 
20 0.13 0.06 0.00 0.05 1.3 0.16 26.82 178.2 3 0 
24 0.13 0.10 0.07 0.80 2.1 0.22 61.60 21.4 5 1 
26 0.11 0.22 0.15 0.06 2 0.3 56.89 49.5 8 1 
28 0.54 0.48 0.74 0.72 2.3 0.21 44.55 0 7 1 
31 0.20 0.04 0.16 0.14 0.75 0.23 82.24 0.9 3 1 
32 2.30 0.42 0.05 1.03 1 0.05 77.03 553.11 0 1 
36 0.13 0.00 0.11 0.00 0.93 0.43 18.90 16.2 20 0 
38 0.17 0.05 0.03 0.03 1.8 0.39 15.47 29.6 16 0 
40 0.30 2.29 0.20 0.24 2 0.35 41.53 410.3 3 0 
42 0.25 0.20 0.26 0.35 1.4 0.34 60.83 161.45 3 1 
43 0.34 4.03 0.05 0.66 0.79 0.21 91.71 761.8 0 1 
44 0.33 0.71 0.08 1.33 1.4 0.18 85.72 191.4 2 0 
52 0.21 1.89 0.44 0.29 1.7 0.08 40.23 161.7 4 0 
54 0.18 0.06 0.03 0.19 1.7 0.27 51.98 4.9 3 1 
58 0.21 0.00 0.10 0.10 1.8 0.14 87.53 35.7 12 1 
59 0.30 0.21 0.18 0.12 1.5 0.49 86.71 94.2 8 1 
68 0.23 0.05 0.04 0.13 0.84 0.32 37.16 51.5 8 0 
70 0.22 0.07 0.12 0.22 2.6 1.1 94.49 112.9 1 0 
72 0.21 0.25 0.15 0.39 2.9 1.2 82.06 0 1 1 
74 0.25 0.69 0.19 2.68 0.73 0.2 86.32 219 3 1 
75 1.00 1.83 0.04 3.40 1.3 0.39 97.35 1035.1 0 0 
76 2.80 0.11 0.04 0.08 1.4 0.47 45.44 0 2 1 
84 0.14 0.21 0.05 0.27 1.8 0.27 37.55 68.9 4 0 
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Table 4. (continued) 
 
88 0.10 0.59 0.13 0.61 1.6 0.5 56.41 35.1 6 1 
90 0.38 0.03 0.00 0.12 1.4 0.67 79.59 57 9 0 
96 0.08 6.38 0.24 1.62 2 0.2 65.54 197.7 2 1 
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Table 5.  Detections (1) and non-detections (0) of reproductive success in 2006.  Success is 
defined as the presence of larvae and/or metamorphs at the site. 
 
Site # Leopard frog 
American 
toad 
Chorus 
frog 
Gray 
treefrog 
Tiger 
salamander 
8 1 1 0 0 0 
12 1 1 1 1 1 
16 0 1 0 0 0 
20 1 1 1 1 1 
24 1 1 0 0 0 
26 0 0 0 0 0 
28 0 0 0 0 0 
31 1 1 0 0 0 
32 1 1 0 0 0 
36 1 1 0 0 1 
38 1 1 1 1 1 
40 1 1 0 0 1 
42 0 1 0 0 0 
43 1 1 1 0 0 
44 1 1 0 0 1 
52 1 1 0 0 1 
54 1 1 1 0 0 
58 1 1 0 0 0 
59 1 1 0 0 0 
68 1 1 0 0 0 
70 1 1 1 0 1 
72 0 1 1 0 0 
74 1 0 0 0 0 
75 1 1 1 0 1 
76 0 0 0 0 0 
84 1 1 1 1 0 
88 0 1 0 0 0 
90 0 1 1 0 0 
96 1 1 0 0 0 
% detections 72.41 86.21 34.48 13.79 31.03 
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Table 6. Logistic regression models of the reproductive success of each species, ranked 
according to ∆AICc values.  The models with substantial support (< 2 ∆AICc) are in bold. 
 
Species Model -2 log(L)a Kb ∆AICc wi 
Total P 29.492 2 0.000 0.214 Leopard 
frog Alachlor 29.861 2 0.369 0.178 
 Fish 29.919 2 0.427 0.173 
 Distance 29.925 2 0.433 0.172 
 Intercept-only  34.162 1 2.357 0.066 
 Metolachlor 32.227 2 2.735 0.054 
 TKN 32.821 2 3.329 0.040 
 Acetochlor 33.240 2 3.748 0.033 
 Atrazine 33.520 2 4.028 0.029 
 Cropland 34.095 2 4.603 0.021 
  Density 34.130 2 4.638 0.021 
Intercept-only  23.269 1 0.000 0.187 American 
toad Atrazine 21.334 2 0.378 0.155 
 Alachlor 21.360 2 0.404 0.153 
 Distance 22.273 2 1.317 0.097 
 Acetochlor 22.639 2 1.683 0.081 
 Metolachlor 22.790 2 1.834 0.075 
 Total P 22.980 2 2.024 0.068 
 Cropland 23.073 2 2.117 0.065 
 Density 23.238 2 2.282 0.060 
 TKN 23.266 2 2.310 0.059 
  Fish N/Ac       
 
 
a
 Log likelihood 
b
 Number of parameters estimated 
c
 Maximum likelihood estimates may not exist for these models due to a quasi-complete 
separation of data points. 
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Table 6. (continued) 
 
Chorus 
frog Alachlor 26.151 2 0.000 0.899 
 Fish 32.145 2 5.994 0.045 
 Total P 34.306 2 8.155 0.015 
 Intercept-only  37.363 1 8.899 0.011 
 Distance 36.160 2 10.009 0.006 
 Density 36.506 2 10.355 0.005 
 TKN 36.819 2 10.668 0.004 
 Cropland 36.917 2 10.766 0.004 
 Atrazine 36.968 2 10.817 0.004 
 Metolachlor 37.293 2 11.142 0.003 
  Acetochlor 37.340 2 11.189 0.003 
Alachlor 16.107 2 0.000 0.466 
Acetochlor 17.793 2 1.686 0.201 
Gray 
treefrog  
Metolachlor 18.781 2 2.674 0.122 
 Cropland 20.039 2 3.932 0.065 
 Intercept-only  23.269 1 4.849 0.041 
 Total P 21.412 2 5.305 0.033 
 Atrazine 22.328 2 6.221 0.021 
 Distance 22.391 2 6.284 0.020 
 Density 22.621 2 6.514 0.018 
 TKN 23.263 2 7.156 0.013 
  Fish N/Ac       
Intercept-only  35.924 1 0.000 0.220 Tiger 
salamander Distance 34.523 2 0.912 0.140 
 Cropland 35.101 2 1.490 0.105 
 Alachlor 35.406 2 1.795 0.090 
 Atrazine 35.502 2 1.891 0.086 
 Density 35.620 2 2.009 0.081 
 Acetochlor 35.860 2 2.249 0.072 
 Total P 35.918 2 2.307 0.069 
 TKN 35.920 2 2.309 0.069 
 Metolachlor 35.922 2 2.311 0.069 
  Fish N/Ac       
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Table 7. Maximum likelihood estimates for parameters from competing models (∆AICc < 7) 
for predicting reproductive success.  Estimates with confidence intervals that do not cross 0 
are in bold.   
 
  Estimate Standard Error LCLa UCLa 
Leopard frog 
    
Total P -3.606 1.974 -6.854 -0.358 
Alachlor -4.987 2.792 -9.580 -0.395 
Fish -2.041 1.155 -3.941 -0.141 
Distance 0.009 0.007 -0.002 0.020 
Metolachlor 0.766 0.797 -0.545 2.076 
TKN -0.877 0.774 -2.150 0.396 
Acetochlor 0.646 0.786 -0.648 1.940 
Atrazine -0.483 0.597 -1.464 0.499 
Cropland 0.005 0.018 -0.024 0.033 
Density 0.016 0.090 -0.132 0.164 
American toad     
Atrazine -0.915 0.638 -1.965 0.134 
Alachlor -3.479 2.450 -7.509 0.552 
Distance 0.004 0.005 -0.005 0.013 
Acetochlor -0.464 0.556 -1.378 0.450 
Metolachlor 0.403 0.738 -0.811 1.618 
Total P 1.302 2.647 -3.053 5.657 
Cropland 0.010 0.023 -0.027 0.047 
Density 0.021 0.120 -0.176 0.218 
TKN -0.049 0.971 -1.646 1.548 
Chorus frog     
Alachlor -22.364 9.923 -38.687 -6.041 
Fish -1.877 0.865 -3.299 -0.455 
Gray treefrog    
Alachlor -36.777 22.994 -74.603 1.049 
Acetochlor -8.636 6.435 -19.221 1.949 
Metolachlor -6.648 5.370 -15.482 2.186 
Cropland -0.044 0.027 -0.088 < 0.001 
Total P -4.617 4.194 -11.517 2.282 
Atrazine -1.942 3.251 -7.289 3.406 
Distance -0.003 0.005 -0.012 0.005 
Density 0.083 0.100 -0.082 0.248 
 
a
 LCL: Lower 90% Confidence Limit  UCL: Upper 90% Confidence Limit 
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Table 7. (continued)   
 
Tiger salamander     
Distance 0.002 0.002 -0.001 0.005 
Cropland -0.016 0.017 -0.044 0.013 
Alachlor -1.859 2.800 -6.464 2.746 
Atrazine -0.478 0.818 -1.823 0.867 
Density 0.046 0.082 -0.090 0.181 
Acetochlor 0.126 0.494 -0.687 0.939 
Total P -0.119 1.556 -2.677 2.440 
TKN 0.042 0.725 -1.151 1.235 
Metolachlor 0.013 0.289 -0.462 0.487 
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Table 8. Ranking of multiple covariate models and their corresponding singular covariate 
models.  The models with substantial support (< 2 ∆AICc) are in bold. 
 
Species Model -2 log(L)a Kb ∆AICc wi 
TotalP + Alachlor + Fish 20.326 4 0 0.355 Leopard 
frog TotalP + Fish 22.981 3 1.038 0.211 
 TotalP + Alachlor   24.432 3 1.489 0.169 
 TotalP 29.492 2 4.051 0.047 
 Alachlor + Fish 27.064 3 4.121 0.045 
 Alachlor 29.861 2 4.420 0.039 
  Fish 29.919 2 4.478 0.038 
Alachlor 26.151 2 0 0.529 Chorus 
frog Alachlor + Fish 24.157 3 0.504 0.411 
  Fish 32.145 2 5.994 0.026 
a
 Log likelihood 
b
 Number of parameters estimated 
 
Table 9. Maximum likelihood estimates for parameters from multiple covariate models.  
Estimates with confidence intervals that do not cross 0 are in bold.   
 
Species   Estimate 
Standard 
Error LCLa UCLa 
TotalP + Alachlor + Fish     
TotalP   -5.797 2.956 -10.659 -0.934 
Leopard 
frog 
Alachlor -5.114 3.749 -11.282 1.053 
 Fish -2.920 1.912 -6.065 0.224 
 TotalP + Fish     
 TotalP -5.833 2.830 -10.489 -1.177 
 Fish -3.431 1.901 -6.559 -0.303 
 TotalP + Alachlor       
 TotalP -4.165 2.221 -7.819 -0.511 
 Alachlor -5.919 3.182 -11.153 -0.685 
 Alachlor + Fish     
 Alachlor -4.482 3.073 -9.537 0.573 
  Fish -1.780 1.193 -3.744 0.183 
Alachlor + Fish         
Alachlor -19.795 10.351 -36.822 -2.767 
Chorus 
frog 
Fish -1.398 1.006 -3.052 0.257 
a
 LCL: Lower 90% Confidence Limit  UCL: Upper 90% Confidence Limit 
 
56 
 
Table 10. Individual anuran species detections in 2006 and anuran species richness in 
surveyed north-central Iowa wetlands. A 1 indicates that the species was detected in at least 1 
survey and a 0 indicates that the species was not detected. 
 
Site 
Leopard 
frog 
American 
toad 
Chorus 
frog 
Gray 
treefrog 
Anuran 
Richness 
8 1 1 0 0 2 
12 1 1 1 1 4 
16 1 1 1 1 4 
20 1 1 1 1 4 
24 1 1 1 1 4 
26 1 1 1 0 3 
28 0 0 1 0 1 
31 1 1 1 1 4 
32 1 1 1 0 3 
36 1 1 1 1 4 
38 1 1 1 1 4 
40 1 1 1 1 4 
42 1 1 0 1 3 
43 1 1 1 0 3 
44 1 1 1 1 4 
52 1 1 1 1 4 
54 1 1 1 0 3 
58 1 1 1 0 3 
59 1 1 1 1 4 
68 1 1 1 1 4 
70 1 1 1 0 3 
72 1 1 1 1 4 
74 1 1 1 1 4 
75 1 1 1 1 4 
76 1 0 1 0 2 
84 1 1 1 1 4 
88 0 1 1 1 3 
90 1 1 1 0 3 
96 1 1 1 0 3 
% detections 93.10 93.10 93.10 62.07   
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Table 11. Poisson regression models of anuran species richness, ranked according to 
∆QAICc values.  The top model is in bold. 
 
Model -2 log (L)a Kb ∆AICc wi 
Fish -262.146 3 0 1 
Atrazine -244.070 3 18.076 0 
TKN -232.580 3 29.566 0 
Alachlor -223.191 3 38.956 0 
Intercept-only  -217.827 2 41.821 0 
Distance -213.199 3 48.947 0 
Acetochlor -212.539 3 49.608 0 
Metolachlor -210.673 3 51.473 0 
Density -210.092 3 52.054 0 
Cropland -210.073 3 52.073 0 
Total P -210.065 3 52.081 0 
 
a
 Log likelihood 
b
 Number of parameters estimated including intercept and scale 
 
 
Table 12. Maximum likelihood estimates for fish detection, the variable from the only 
competing model (∆QAICc < 7) for predicting anuran species richness.   
 
  
Estimate Standard Error LCLa UCLa 
Fish -0.207 0.085 -0.346 -0.068 
 
a
 LCL: Lower 90% Confidence Limit  UCL: Upper 90% Confidence Limit 
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Table 13. Robust occupancy models for American toads, ranked according to ∆AICc values.  
The models with substantial support (< 2 ∆AICc) are in bold.   
 
  
Model -2 log(L)a Kb ∆AICc wi Psi (SE)c 
Intercept-
only  153.687 9 0 0.413 0.765 (0.300) 
Density 149.464 10 0.525 0.317 0.900 (0.130) 
American 
toad 
Fish 152.328 10 3.389 0.076 0.820 (0.360) 
 
Total P 152.750 10 3.811 0.061 0.807 (0.272) 
 
Distance 153.019 10 4.080 0.054 0.719 (0.255) 
 
Cropland 153.570 10 4.631 0.041 0.778 (0.313) 
 
Acetochlor 153.685 10 4.746 0.038 0.757 (0.305) 
 
TKN N/Ad     
 
Atrazine N/Ad     
 
Alachlor N/Ad     
  
Metolachlor N/Ad         
 
a
 Log likelihood 
b
 Number of parameters estimated. 
c
 The estimated proportion of occupancy, and its standard error, using the mean individual 
covariate values. 
d
 Model convergence was not reliable. 
 
 
Table 14. Maximum likelihood estimates for parameters from competing models (∆AICc < 
7) for predicting occupancy of American toad.  Estimates with confidence intervals that do 
not cross 0 are in bold. 
 
  
Estimate Standard Error LCLa UCLa 
Density 0.755 0.442 0.028 1.483 
Fish 2.086 3.306 -3.352 7.525 
Total P -3.105 3.706 -9.201 2.990 
Distance -0.002 0.002 -0.006 0.002 
Cropland -0.010 0.031 -0.062 0.041 
Acetochlor -0.079 1.485 -2.522 2.364 
 
a
 LCL: Lower 90% Confidence Limit  UCL: Upper 90% Confidence Limit 
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Table 15. Swab samples collected in 2006 from northern leopard frogs in north-central Iowa 
wetlands and tested for Bd presence. 
 
 
Adults Tadpoles Metamorphs   
Site Positives Swabs Positives Swabs Positives Swabs Total Positives 
Total 
Swabs 
8   0 1    1 
12   0 2    2 
16 1 1     1 1 
20 1 2 0 60   1 62 
24   0 60    60 
26        0 
28        0 
31 1 2 0 60   1 62 
32   0 60    60 
36   0 60    60 
38   0 9 0 15  24 
40 0 1 0 24    25 
42        0 
43 1 1 0 60   1 61 
44   0 25    25 
52   0 60    60 
54   0 9    9 
58 1 1 0 9   1 10 
59 0 1 0 4    5 
68     0 10  10 
70   0 60    60 
72        0 
74 0 1      1 
75   0 32    32 
76        0 
84   0 60    60 
88        0 
90        0 
96   0 65    65 
Totals 5 10 0 720 0 25 5 755 
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Table 16. Genome equivalents of Bd detected on positive swabs (1/site).  The numbers 
reported are averages of all positive wells for each swab. 
 
 Genome Equivalents 
Site Mean Quantity Standard Deviation 
16 12.578 10.714 
20 0.241 0.264 
31 0.317 0.208 
43 22.925 9.025 
58 33.370 7.268 
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Figure 2. (a) Observed association between total phosphate and successful reproduction of 
leopard frogs. (b) The estimated probability of successful reproduction of leopard frogs for 
the observed range of concentrations of total phosphate.   
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Figure 3. (a) Observed association between alachlor and successful reproduction of leopard 
frogs. (b) The estimated probability of successful reproduction of leopard frogs for the 
observed range of concentrations of alachlor.   
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Figure 4. Scatterplots of the pair-wise comparisons of the covariates total phosphate, 
alachlor, and fish.   
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Figure 5. The estimated probability of successful reproduction of leopard frogs in wetlands 
with fish (solid line) and fishless wetlands (dashed line) for the observed range of 
concentrations of total phosphate.   
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Figure 6. (a) Observed association between alachlor and successful reproduction of chorus 
frogs. (b) The estimated probability of successful reproduction of chorus frogs for the 
observed range of concentrations of alachlor. 
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Figure 7. Anuran species richness for 2006, stratified by the detection of fish in the wetlands. 
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Figure 8. Predicted wetland occupancy (Ψ) of American toads (solid line) over the observed 
range of wetland densities.   
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Figure 9. Location of sites with samples tested for Bd.  Positive signs indicate wetlands 
where Bd was detected. 
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CHAPTER 5: DISCUSSION 
The apparent absence of Blanchard’s cricket frogs at my study sites was not 
unexpected considering the many reports of declines and disappearances of this species in the 
northern portions of their range (Gray et al. 2005).  The lack of detections of bullfrogs, 
however, was unanticipated since their range expansion is generally thought to include the 
entire state of Iowa (Christiansen 1981, Christiansen and Bailey 1991).  Comparing results 
from sites on publicly owned versus privately owned lands, I saw similarities between the 
prevalence of all of the species and anuran species richness.  This highlights the potential 
importance of private lands for preserving amphibian populations in this region, as well as 
the need to include private lands in wetland monitoring and research.  Despite reports of 
amphibian declines in Iowa (Christiansen 1981, Lannoo et al. 1994, Christiansen 1998) most 
species were common in my study area.  I detected leopard frogs, American toads, and 
chorus frogs at all sites and gray treefrogs at 72.4% of sites.  However, I only detected tiger 
salamanders at 31% of sites.  The true prevalence of these species may actually be higher 
because I likely had imperfect detection rates.  Based on a random sample of semi-permanent 
wetlands, these results can be extrapolated out to the entire Winnebago river watershed.  The 
pervasiveness of most species was somewhat surprising, considering the dominance of 
conventional row crop agriculture and the historic wetland loss in this region.    
Knutson (2002) found comparable results in southeastern Minnesota, with detections 
of American toads and gray treefrogs at all 40 wetland sites, chorus frogs at 90%, leopard 
frogs at 88%, and tiger salamanders at 48% of sites.  However, in a survey of prairie pothole 
wetlands in nearby Dickinson County, Iowa, Lannoo et al. (1994) did not find these species 
to be as common.  The authors documented leopard frogs at 71%, American toads and chorus 
frogs at 53%, tiger salamanders at 41%, and gray treefrogs at 3% of 34 wetland sites.  In a 
recent study of wetlands throughout the Prairie Pothole Region, Olker et al. (2007) only 
detected leopard frogs calling at 32% of the wetlands and successful breeding at 42%.   
The relatively high prevalence levels of species observed may be at least partly 
explained by several regional factors.  The apparent absence of bullfrogs at my study 
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wetlands is likely a relevant factor, as they are often major predators and/or competitors of 
other amphibian species.  Leopard frogs tend to be missing or rare in areas where there are 
large populations of bullfrogs (Rorabaugh 2005).  The Winnebago river watershed is also a 
relatively sparsely populated area with few paved roads with high traffic volume.  Thus 
species in this watershed are unlikely to be exposed to many of the negative effects of 
urbanization and roads that have been documented in other studies (Knutson et al. 1999, 
Pillsbury 2006, Gagné and Fahrig 2007).  In general, the wetland sites were also not very 
isolated, with a median distance to the nearest wetland of 57 m.  Having other wetlands 
nearby increases the available wetland habitat and likely increases the survival rate of 
amphibians migrating between wetlands. 
Prevalence of tiger salamanders was less than other species, and a similar result was 
found by Knutson (2002).  A study conducted in the early 1990s in Dickinson County, Iowa 
revealed that tiger salamanders were present at less than half of the wetlands where they were 
observed in the 1920s (Lannoo et al. 1994).  Tiger salamander populations are thought to be 
declining within their historical distribution (Lannoo and Phillips 2005).  
Successful Reproduction 
I only had access to water quality data collected on only a single date in 2005, which 
was one year prior to my first amphibian surveys.  Because measured concentrations can 
vary significantly within a growing season and between years, my inferences about 
associations between these parameters and amphibian responses must be interpreted 
cautiously.  In samples of streams in 9 Midwestern states, Battaglin et al. (2005) found 
decreases in the frequency of detections and in the concentrations of acetochlor, alachlor, 
atrazine, and metolachlor between pre-emergence samples and post-emergence and harvest 
season samples.  The concentrations I used in analyses are from water samples collected 
from mid-June to mid-July, about the same time of year as the post-emergence collection of 
samples in Battaglin’s study.  The timing of this sampling may have led me to underestimate 
or not detect the effects of the herbicides examined.  Acetochlor, alachlor, atrazine, and 
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metolachlor are applied early in the growing season, about the same time that most of the 
local amphibian species are starting their breeding seasons.   
Phosphate, alachlor, and fish were all important variables associated with 
reproductive success of leopard frogs.  The combined model of these covariates was stronger 
than any of the single variable models, implying that they had additive effects.  Fish presence 
had a stronger negative effect with increasing phosphate levels.  This result provides added 
support to laboratory and mesocosm studies that have documented greater effects of multiple 
stressors than of stressors alone.  Relyea (2005b) found that the presence of predatory cues 
made the pesticide glyphosate more lethal to leopard frog tadpoles.  Leopard frogs are 
classified as moderately tolerant to organic contaminants (Birge et al. 2000), but it is possible 
that this classification does not apply to field situations where they may be subjected to 
multiple contaminants and other stressors.     
It is not surprising that I detected American toads at every site and that the species 
had a high rate of successful reproduction (86%) as they are considered to be a ubiquitous 
species in no danger of extirpation, with an ability to co-exist with humans (Green 2005).  
American toads are considered to be habitat generalists and are thought to be poor indicators 
of habitat quality (Knutson et al. 2000).  They seem to be less sensitive to habitat 
fragmentation than other species (Green 2005) and are classified as tolerant to organic 
contaminants (Birge et al. 2000).  If there was an effect of the covariates on reproductive 
success it may have been difficult to identify since I detected successful reproduction at 25 of 
29 study sites.  
Alachlor and fish were the most important covariates associated with reproductive 
success of chorus frogs.  This corresponds with Moriarty and Lannoo’s (2005) description of 
chorus frogs as a species that is susceptible to some agricultural chemicals and typically 
breeds in fishless areas.  
I could not document significant effects of any covariates on gray treefrog 
reproductive success, but an effect was difficult to detect since they only reproduced 
successfully in 4 sites.  This is unfortunate since this low level of success suggests that their 
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reproduction was compromised, given that they were detected calling at 17 sites during the 
same year.  The lower site occupancy and reproductive success of gray treefrogs may be 
partly related to the limited amount of forested habitat in this landscape, with only 2.6% of 
the watershed being classified as forest.  The presence of gray treefrogs has been found to be 
positively related to the amount of forest in the landscape in several studies (Knutson et al. 
2000, Houlahan and Findlay 2003, Gagné and Fahrig 2007).  Although I could not report 
statistical evidence of covariate effects, some descriptive results are worth noting.  The Fish 
model did not run successfully, but all of the sites with successful reproduction were fishless.  
Fish are predators on all life stages of both Cope’s and eastern gray treefrogs (Cline 2005a, 
Cline 2005b).  In addition, the 90% confidence intervals for the estimates of alachlor and 
proportion cropland barely included 0.  Alachlor concentrations were ≤ 0.05 µg/L at all 
wetlands where gray treefrogs successfully reproduced.  Takahashi (2007) found that Cope’s 
and eastern gray treefrogs oviposited the majority of their eggs in control pools over those 
containing a fish cue and/or the herbicide Roundup.  Gray treefrogs in my study area may 
have preferentially chosen to deposit eggs in fishless sites with low pesticide levels.  
I could not provide statistical evidence that any covariates had a strong association 
with the reproductive success of tiger salamanders.  However, larvae were exclusively found 
in fishless wetlands.  Introduced fishes are thought to be one of the biggest threats to tiger 
salamanders (Lannoo and Phillips 2005).  The presence of fish was also a major influence on 
larval tiger salamanders in a study of prairie pothole wetlands in Minnesota (Zimmer et al. 
2002).  In addition to potentially preying on eggs and larvae, fish can also compete with tiger 
salamanders for prey.  Zimmer et al. (2002) documented lower abundances of aquatic 
invertebrates in wetlands with fathead minnows compared to fishless wetlands.  I 
descriptively examined the environmental covariates for all sites without fish, and could find 
no obvious pattern to explain why tiger salamanders were not detected in all 12 fishless sites.   
I was unable to detect any negative associations between atrazine and successful 
reproduction.  This is surprising since the concentration of atrazine at all sites was at least 0.1 
µg/L, the minimum level at which Hayes et al. (2003) reported gonadal dysgenesis (retarded 
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gonadal development) and testicular oogenesis (hermaphroditism) in male northern leopard 
frogs.  At least one of these effects was observed in 65% of frogs exposed to atrazine at this 
level (Hayes et al. 2003).  Since a proportion of males may not suffer this outcome, site level 
effects may not be noticeable with simple detection/non-detection data.  In addition, the 
gradient of observed concentrations of atrazine may have been too narrow to detect effects.  
A long term study estimating relative abundance or population sizes may be necessary to 
estimate effects of atrazine on amphibian populations. 
The Alachlor model had substantial support as the top model in analyses of the 
reproductive success of all 5 species.  There is little information about the effects of alachlor 
on amphibians (Howe et al. 1998, Osano et al. 2002, Hayes et al. 2006).  Hayes et al. (2006) 
examined alachlor within the range of concentrations at my study sites (< 0.025 µg/L - 0.74 
µg/L), and reported that northern leopard frog tadpoles were not affected by exposure to 
alachlor at 0.1 ppb (~ 0.1 µg/L).  However tadpoles exposed to a 9 pesticide mixture, 
including alachlor, (0.1 ppb each) suffered an increased rate of mortality, a delay in 
metamorphosis, smaller size at metamorphosis, and flavobacterial infections.   
Alachlor would not have been included in my analyses if I had only evaluated 
concentrations of the parent compound, since it was not detected in the water quality 
sampling at any of my study wetlands. Alachlor degradates were detected at 27 of my 29 
wetlands.  Similarly, in a study of wells sampled throughout Iowa, herbicide degradates were 
detected much more frequently than their parent compounds and the total concentrations of 
each herbicide were all dominated by their degradates, accounting for close to 100% of the 
total concentrations of alachlor (Kolpin et al. 1998).  Since alachlor and related herbicides 
break down fairly rapidly, their degradates can be an important indication of the amount of 
the parent compound that was originally present.   Herbicide degradation products can also 
have similar toxic effects as their parent compounds (Kolpin et al. 1998).   However, they are 
rarely included in laboratory studies of herbicide effects. 
Fish presence was one of the most important covariates associated with successful 
reproduction.  Fish are considered to be predators and/or competitors with all of the species 
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observed (Cline 2005a, Cline 2005b, Green 2005, Lannoo and Phillips 2005, Moriarty and 
Lannoo 2005, Rorabaugh 2005).  The American toad was the only species that did not seem 
to be affected by fish, possibly because their eggs and tadpoles contain toxins which may 
make them unpalatable to vertebrate predators and because they exhibit schooling behavior 
which may deter predators (Kats and Ferrer 2003, Green 2005).  A study in Ontario, Canada 
also observed that leopard frogs, chorus frogs, gray treefrogs, and ambystomids occurred less 
frequently than expected in ponds with predatory fish, while American toad presence was 
independent of the presence of predatory fish (Hecnar and M’Closkey 1997).  In addition to 
their direct impact as predators of amphibians, fish can also alter the environmental 
conditions and community structure of a wetland.  Negative associations between fish and 
the presence of the amphibian species have been documented in a number of other field 
studies (Knapp and Matthews 2000, Zimmer et al. 2002, Knutson et al. 2004, Knapp 2005, 
Porej and Hetherington 2005, Reid 2005, Hartel et al. 2007).   
Overall, the most important covariates predicting reproductive success were local 
site-level factors.  Although many studies have found landscape variables to be important, 
others have likewise found that local factors were more important in predicting the species 
richness or abundance of amphibians at a wetland (Gray et al. 2004, Weyrauch and Grubb 
2004, Richter-Boix et al. 2007).   
Anuran Species Richness 
The presence of fish was negatively associated with anuran species richness.  The 
Fish model was clearly the best model from this set, with no competing models.  These 
results corroborate my findings of a negative association between fish and successful 
reproduction.  Average richness was 1 species less in sites with fish.  This is comparable to a 
study in restored wetlands in Ohio that found species richness, on average, to be 1.21 species 
less in ponds with predatory fish (Porej and Hetherington 2005).  Fish were also an important 
factor for amphibian species richness in a study of agricultural ponds in Southeastern 
Minnesota (Knutson et al. 2004).   
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Occupancy Modelling 
The naïve occupancy rates were large for leopard frogs (0.97) and chorus frogs (1), 
when combining both years of surveys.   Density of wetlands within 500 m was found to be 
positively associated with occupancy of American toads which is unexpected since this 
species is thought to be less sensitive to habitat fragmentation than other species (Green 
2005).  They also have the ability to disperse relatively long distances (Lehtinen and 
Galatowitsch 2001).  Forester et al. (2006) documented American toad females dispersing 
250-1000 meters from a breeding pond.  Estimating detection probabilities increased the 
estimated occupancy rate from 0.62 to 0.77 for American toads, which was less than my 
detected proportion of sites with successful reproduction (0.86).  Because male calls are a 
component of reproduction, it appears that my call surveys underestimated the proportion of 
wetlands where American toads were calling, which suggests the results of this analysis 
unreliable. 
Chytridiomycosis 
Although I detected Bd in this watershed, the overall prevalence of the pathogen was 
less than 1%.  Because detections were not concentrated in one area, and one positive sample 
was collected from a fairly isolated wetland, this pathogen is likely present throughout the 
watershed, although at low levels.  Other field studies in the U.S. have reported higher 
prevalence rates.  Pearl et al. (2007) detected Bd on 28% of samples, collected from all life 
stages of multiple species of amphibians in the Pacific Northwest.  In the Northeast, 
Longcore et al. (2007) found 19.8% of sampled adults and metamorphs to be infected with 
Bd, including 25.7% of northern leopard frogs.  Although it appears likely that Bd is 
geographically distributed throughout the U.S., it may not occur in the same levels in all 
regions.   
All of the positive samples were collected from adults, despite the small number of 
adult samples.  This result may have been related to temperature, as all of the adults were 
sampled earlier in the season when the temperatures were cooler.  Several studies have 
documented higher infection levels of Bd at lower temperatures (Retallick et al. 2004, 
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Woodhams and Alford 2005, Drew et al. 2006, Kriger and Hero 2006b, Longcore et al. 2007, 
Pearl et al. 2007).  It is also possible that there are differences in the prevalence of the 
pathogen at different life stages of a species.  In a field survey of the Pacific Northwest, Bd 
was found on all life stages of amphibians but at different levels of detection; adults had the 
highest percentage of positive samples (Pearl et al. 2007).  Northern leopard frog tadpoles 
experimentally infected with Bd had lower activity levels than uninfected tadpoles (Parris et 
al. 2006).  This may have caused my sampling to be biased against capturing infected 
tadpoles since funnel traps are more likely to catch active tadpoles. 
Recommendations 
Priorities for future field research projects should include studies to corroborate the 
negative associations that I found with alachlor and total phosphate.  Because my study 
confirmed many previous study findings about the negative impacts of fish, they are a factor 
that should accounted for in any field study.  When examining other potential stressors, an 
attempt should be made to include sites with and without fish since the fish presence may 
increase the impact of another stressor.  This could be done by pre-sampling sites for fish 
presence or by asking site managers and landowners about their knowledge of fish presence, 
which can be verified with field surveys at a later date.  In order to confirm my findings, it 
would be advantageous in future studies to focus on wetlands along known gradients of those 
factors that I found to be most important.  For example, the IDNR wetland monitoring 
program that contributed data to my analyses has taken water quality samples from many 
other wetlands throughout the state.  Similar wetland monitoring programs exist in a number 
of other states as well.  The results of these programs could be used to identify gradients of 
concentrations of alachlor and phosphate as well as sites with and without fish.  In 
identifying these gradients, concentrations should include alachlor degradation products in 
addition to the parent compound.  These studies should emphasize amphibian survey 
techniques that document the presence of larvae and metamorphs because successful 
reproduction is of primary importance in ensuring population persistence.  Additional survey 
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methods that estimate species presence may also be useful as they can inform researchers 
about sites where a lack of reproduction is not simply a result of species absence.   
At the same time, more laboratory and mesocosm studies are needed to examine the 
potential effects of phosphate and alachlor, at environmentally relevant levels, in order to 
uncover potential mechanisms driving their negative associations with successful 
reproduction.  In addition, laboratory studies should include degradation products in 
examinations of the effects of alachlor and other herbicides since they are often as or more 
common in the environment than their parent compounds.    
Although amphibians exposed to aquatic stressors may be able to survive through the 
larval stage and successfully metamorphose, stressors may have carryover effects that may 
not appear until later life stages such as survival and timing of first reproduction (Smith 
1987, Semlitsch 2000, Chelgren et al. 2006).  This may make it difficult to recognize some 
negative population level effects of stressors.  Given an unlimited amount of time and 
resources, it would be ideal to be able to track metamorphs from each wetland to monitor 
their future success and use these outcomes as response variables in analyses.  This could 
help improve our understanding of the lifetime effects of exposures to aquatic stressors at the 
larval stage and to discern the relative effects of different stressors.  
Although I could not demonstrate that atrazine was associated with reproductive 
success, site occupancy, or species richness, I believe it is a contaminant that should be 
included in future field studies of potential stressors due to the wealth of information about 
the negative effects of atrazine on amphibians in the lab and in the field.  Future studies 
should also consider measuring levels of glyphosate, a broad spectrum herbicide sold in 
many formulations, including Roundup, since it is the 2nd most commonly used pesticide in 
the U.S. (Relyea 2005c).  Glyphosate was applied to 87% of the soybean planted acreage in 
Iowa in 2004 (USDA 2005).  Negative effects of glyphosate and Roundup on amphibian 
survival and growth have been reported in a number of recent studies (Mann and Bidwell 
1999, Relyea 2004, Relyea 2005b, Relyea 2005c, Relyea et al. 2005).   
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Longer term studies are necessary to document long term effects of varying annual 
rates of application, resulting from factors such as changes in crop varieties and variations in 
pest levels.  A priority for future field studies of contaminant effects on amphibian 
populations should be to collect annual contaminant and amphibian data to test for 
covariation between annual reproduction rates and contaminants.    
I found the effectiveness of the 3 amphibian survey methods to vary by species.  In 
2006 I most often detected chorus frogs and gray treefrogs in call surveys, leopard frogs and 
American toads in VES, and tiger salamanders in funnel trapping surveys.  Therefore, when 
interested in documenting the entire amphibian community I recommend the use of multiple 
survey techniques.  Call surveys are a commonly used method, especially in state- and 
nation-wide volunteer programs, since they require relatively little investment of time and 
funds.  However, my results suggest that these surveys may underestimate site occupancy of 
some species and may overestimate the quality of habitats for other species.  The site 
occupancy of leopard frogs and American toads were underestimated in my surveys, while 
chorus frogs and gray treefrogs were detected calling at many sites where they apparently did 
not successfully reproduce.  Since reproduction is likely a better measure than presence to 
assess the quality of habitats and amphibian population status, I recommend that monitoring 
studies include methods to detect larvae and/or metamorphs.  In state-wide call surveys, such 
as Iowa’s frog and toad survey (Hemesath 1998), these additional methods should be used at 
a subsample of sites to improve estimates of occupancy and assessments of species status.     
In order to improve habitats for amphibians, managers should work to prevent 
introductions of fish into wetlands, create barriers to immigration, and remove fish when 
possible.  They should also educate the public about the negative effects of stocking fish on 
amphibian communities since many wetlands occur on private lands.  Managers and 
landowners should surround wetlands with large amounts of upland habitat to buffer them 
from agricultural fields and reduce the inputs of phosphate, alachlor, and other potentially 
harmful contaminants.  These buffers would also serve as foraging and wintering habitat for 
amphibians outside of the breeding season while also providing benefits for other wildlife, 
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such as waterfowl.  U.S.D.A. Farm Bill programs, should provide enough funding to support 
these activities on private lands.  Within the Winnebago river watershed, managers should 
also try to prevent the introduction of bullfrogs into the area and try to reduce or eliminate 
any populations observed.  Besides being a major predator and competitor of many other 
amphibian species, bullfrogs are thought to be a carrier of Bd and may help to spread this 
pathogen (Daszak et al. 2004).  Since Bd is present in this watershed, researchers and 
managers working in wetlands in this area should disinfect field equipment when moving 
between wetlands, especially when moving between Winnebago and other watersheds.  More 
field surveys are also needed in the Midwestern U.S. to gain a better understanding of the 
distribution and prevalence of Bd in this region.      
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